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PREFACE 


At its meeting in November 1937, the Division of Chemistry and 
Chemical Technology of the National Research Council, recognizing 
the importance of chemistry to coal technology, voted to organize a 
Committee on Chemical Utilization of Coal. Subsequently, the fol¬ 
lowing Committee was appointed and given the responsibility of de¬ 
termining what it might accomplish. 

Chairman: 

H. H. Lowry, Director, Coal Research Laboratory, Carnegie Insti¬ 
tute of Technology, Pittsburgh, Pa. 

Members: 

Fred Denig, Vice-President, Koppers Company, Pittsburgh, Pa. 

W. S. Landis,* Vice-President, American Cyanamid Company, New 
York, N. Y. 

A. R. Powell, Chief Chemical Engineer, Koppers Company, Pitts- 
b\irgh, Pa. 

F. H. Reed, Chief Chemist, Illinois Geological Survey, Urbana, Ill. 

R. P. Russell, Vice-President, Standard Oil Development Company, 
New York, N. Y. 

H. H. Storch, Principal Physical Chemist, U. S. Bureau of Mines, 
Pittsburgh, Pa. 

C. E. Williams, Director, Battelle Memorial Institute, Columbus, O. 

Discussion among the Committee members and with other indi¬ 
viduals active in scientific and technical aspects of coal utilization 
led to the decision that the greatest service would be the preparation 
of a comprehensive, but critical, review of the vast literature that has 
accumulated on the chemistry of coal utilization. No such review 
existed in any language. Several books and monographs on special 
topics were available, most of which, however, treated the work done 
only in a certain country or by a certain “schoor’ with infrequent 
reference to other work. 

Coal has world-wide distribution, and upon its use depend the 
industrial welfare and comfort of the greater part of the world’s 
population. As a logical consequence, studies of coal and its utiliza¬ 
tion have been made throughout the world. Nevertheless, the nature 
of coal is incompletely understood, and most of coal technology re- 
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mains as much an art as a science. A review of the studies already 
made should serve to put the available data in perspective from which 
further advances in coal technology should follow. 

In all its uses coal undergoes a series of chemical reactions, and, 
since these are predominantly heterogeneous reactions, the physical as 
well as the chemical properties of coal are of great importance. Con¬ 
sequently, it seemed essential to include in the review, as relevant 
subjects, the origin and classification of coals, and the physical prop¬ 
erties of coal, together with the chemical nature of coal, and the 
chemistry of coal carbonization, combustion, gasification, and hydro¬ 
genation. 

The Committee, having decided on an objective, gave much con¬ 
sideration to its most effective realization. It was clearly recognized 
that the literature on the chemistry of coal utilization was too ex¬ 
tensive for any one person to cover satisfactorily. Accordingly, an 
outline, presenting 38 separate topics, together with the names of 
persons qualified to prepare reviews of the topics, was circulated 
in September 1938 to the members of the Committee for suggestion, 
modification, and amplification. Full cooperation of each member of 
the Committee was received, an unusual manifestation of acceptance 
of the responsibility of committee membership that was deeply aj)- 
preciated by the Chairman. The replies were collected and a new 
outline prepared listing all suggested collaborators. The new outline 
was discussed at a meeting of the Committee in April 1939, and a 
decision was reached, in the main, on the subjects to form individual 
chapters in the final review and on tlie persons to be invited to par¬ 
ticipate in the work. 

An outline of the proposed review was next sent to each of the 
prospective authors of the individual chapters, and their collaboration 
was requested. In these negotiations it was pointed out that the 
review was to cover the literature through 1939 and to be in the 
hands of the Chairman by July 1, 1940. Suggestions were also 
solicited for making the review as complete as possible, and several 
additional chapters were added as a result. The response was ex¬ 
tremely gratifying, all requests but one being accepted. However, 
with the outbreak of war in Europe in 1939 and the consequent in¬ 
creased demands on already busy people, delays in receipt of manu¬ 
script were encountered, and the final manuscript was not received 
until July 1943. Also, certain individuals were unable to fulfill their 
original commitments, and it became necessary to secure alternates 
or to add co-authors to complete the manuscripts. 

From 1939 to 1942, the following individuals were appointed to the 
Committee on Chemical Utilization of Coal, in addition to the original 
membership: 
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E. P. Barrett, Mellon Institute, Pittsburgh, Pa. 

C. C. Boley, Illinois Geological Survey, Urbana, Ill. 

R. E. Brewer, U. S. Bureau of Mines, Pittsburgh, Pa. 

Gilbert Cady, Illinois Geological Siu’vey, Urbana, Ill. 

J. D. Davis, U. S. Bureau of Mines, Pittsburgh, Pa. 

A. C. Pieldner, U. S. Bureau of Mines, Washington, D. C. 

C. H. Fisher, U. S. Bureau of Agricultural Chemistry and Engineering, 
Philadelphia, Pa. 

A. W. Gauger, Pennsylvania State College, State College, Pa. 

W. L. Glowacki, Mellon Institute, Pittsburgh, Pa. 

H. A. Gollmar, Koppers Company, Pittsburgh, Pa. 

T. A. Hendricks, U. S. Geological Survey, Washington, D. C. 

W. H. Hill, Mellon Institute, Pittsburgh, Pa. 

L. L. Hirst, U. S. Bureau of Mines, Pittsburgh, Pa. 

H. C. Hottel, Massachusetts Institute of Technology, Cambridge, 
Mass. 

H. C. Howard, Coal Research Laboratory, Carnegie Institute of Tech¬ 
nology, Pittsburgh, Pa. 

M. W. Kiebler, Coal Research Laboratory, Carnegie Institute of Tech¬ 
nology, Pittsburgh, Pa. 

W. R. Kirner, Coal Research Laboratory, Carnegie Institute of Tech¬ 
nology, Pittsburgh, Pa. (National Defense Research Committee, 
Washington, D. C.*) 

M. A. Mayers, Coal Research Laboratory, Carnegie Institute of Tech¬ 
nology, Pittsburgh, Pa. (Elliott Company, Jeannette, Pa.*) 

L. C. McCabe, Illinois Geological Survey, Urbana, Ill. (U. S. Army, 
Washington, D. C.*) 

W. F. McCutcheon, Mellon Institute, Pittsburgh, Pa. 

J. J. Morgan, Columbia University, New York, N. Y. 

A. A. Orning, Coal Research Laboratory, Carnegie Institute of Tech¬ 
nology, Pittsljurgh, Pa. 

E. O. Rhodes, Koppers Company, Pittsburgh, Pa. 

H. J. Rose, Mellon Institute, Pittsburgh, Pa. (Bituminous Coal Re¬ 
search, Inc , Pittsburgh, Pa.*) 

R. W. Ryan, Consolidated Edison Company, New York, N. Y. 

L. D. Schmidt, U S Bureau of Mines, Pittsburgh, Pa. 

W. A. Selvig, U. S. Bureau of Mines, Pittsburgh, Pa. 

liouis Shnidman, Rochester Gas and Electric Corporation, Rochester, 

N. Y. 

Gilbert Thios.^ien, Koppers Company, Pittsburgh, Pa. 

B. J. C. van der Hoeven, Koppers Company, Pittsburgh, Pa. 

J. F. Weiler, Coal Research Laboratory, Carnegie Institute of Tech¬ 
nology, Pittsburgh, Pa. (Mathieson Alkali Works, Inc., Buffalo, 
N. Y.*) 

P. J. Wilson, Jr, Mellon Institute, Pittsburgh, Pa. 

H. F. Yancey, U. S. Bureau of Mines, Seattle, Washington. 
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In addition to the above membership, M. R. Geer of the U. S. 
Bureau of Mines, Seattle, Washington, F. H. Gibson, U. S. Bureau 
of Mines, Pittsburgh, Pa., J. H. Wells, Mellon Institute, Pittsburgh, 
Pa., and John O^Brochta and Susan E. Woodridge of the Koppers 
Company, Pittsburgh, Pa., collaborated with the Committee as co¬ 
authors of Yancey, Selvig, Wilson, and Rhodes, respectively. 

Dr. H. H. Storch was appointed Vice-Chairman of the Committee 
in December 1940. The Committee membership was decreased late 
in 1942 to H. H. Lowry, Chairman, H. H. Storch, Vice-Chairman, and 
A. R. Powell. 

Late in 1939, on vote of the membership of the Committee, an 
Editorial Committee was formed: Fieldner, Lowry (Chairman), Rose, 
Storch, and Thiessen. This committee met early in 1940 to consider 
the authors’ estimates of the length of their respective chapters, and 
several revisions in these estimates were suggested. It was decided to 
submit the manuscript of each chapter as received to two reviewers 
for criticisms and to return the manuscript to the author with the 
criticisms. The final responsibility of accepting or rejecting any pro¬ 
posed alteration on the basis of the reviewer’s criticism was to be that 
of the author. This procedure, though most helpful, was discontinued 
in 1942 in order not to delay unduly the completion of the manuscript. 
The Editorial Committee decided also that, in literature citations, the 
author’s name should be followed by his initials, that inclusive pages 
should be given, that the abbreviations should be those used by Chem- 
ical Abstracts as given in the ‘Tist of Periodicals” of November 20, 
1936, and in the ^‘Supplement to the List of Periodicals Abstracted” 
of December 20, 1942, and that references to the patent literature 
should include the inventor’s name and initials, the patent number, 
and the year of issue. These procedures have been followed as far 
as possible and have eliminated, in a large measure, copying references 
from secondary sources where they are generally incomplete and fre¬ 
quently incorrect. 

The reviewers of the individual chapters were selected by the 
Editorial Committee, and grateful acknowledgment of the Committee 
on Chemical Utilization of Coal is hereby made not only to those of 
its membership who participated in the review of the manuscripts, 
but also to the following: 

F. M. Becker, U. S. Steel Corporation, Pittsburgh, Pa. 

W. T. Brown, Jones & Laughlin Steel Corporation, Pittsburgh, Pa. 

H. L. Brunjes, Fuel Engineering Company, New York, N. Y. 

A. N. Cole, Carnegie-Illinois Steel Corporation, Gary, Ind. 

Gustav Egloff, Universal Oil Products Company, Chicago, Ill. 

Abner Eisner, U. S. Bureau of Mines, Pittsburgh, Pa. 

P. H. Emmett, Johns Hopkins University, Baltimore, Md. 

W. M. Fuchs, Pennsylvania State College, State College, Pa. 
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R. M. Hardgrove, Babcock & Wilcox Company, New York, N. Y. 

H. F. Hebley, Pittsburgh Coal Company, Pittsburgh, Pa. 

W. W. Hodge, West Virginia University, Morgantown, W. Va. 

I. H. Jones, Koppers Company, Pittsburgh, Pa. 

F. W. Jung, Koppers Company, Kearny, N. J. 

C. D. King, U. S. Steel Corporation, Pittsburgh, Pa. 

A. T. Larson, E. I. duPont de Nemours & Company, Wilmington, Del. 
P. V. Martin, Carnegie-Illinois Steel Corporation, Gary, Ind. 

D. R. Mitchell, Pennsylvania State College, State College, Pa. 

Percy Nicholls,* U. S. Bureau of Mines, Pittsburgh, Pa. 

J. H. H. Nicolls, Department of Mines & Resources, Ottawa, Canada. 
J. D. Piper, Detroit Edison Company, Detroit, Mich. 

H. C. Porter,* Philadelphia, Pa. 

O. W. Rees, Illinois Geological Survey, Urbana, Ill. 

W. C. Schroedcr, U. S. Bureau of Mines, College Park, Md. 

J. A. Shaw, Mellon Institute, Pittsburgh, Pa. 

R. A. Sherman, Battelle Memorial Institute, Columbus, O. 

G. C. Sprunk, IJ. S. Bureau of Mines, Pittsburgh, Pa. 

Edgar Stansfield, Research Council of Alberta, Edmonton, Alberta, 
Canada. 

G. B. Taylor, E. I. duPont de Nemours Company, Wilmington, Del. 
T. E. Warren, Department of Mines and Resources, Ottawa, Canada. 
G. R. Yohe, Illinois Geological Survey, Urbana, Ill. 

Throughout the period of organization of the Committee and prepa¬ 
ration of this report, the interest and help of the Chairmen of the 
Division of Chemistry and Chemical Technology of the National 
Research Council, Dr. Herbert R. Moody and Dr. W. Mansfield Clark, 
and of other officers of the National Research Council have been 
much appreciated. Since the Division could not provide funds either 
for preparation of the manuscript and the illustrations for the printer 
or for the publication of the complete manuscript, negotiations were 
entered into with three commercial publishers, all of whom showed 
great interest in the work. A contract for publication of the Chern- 
istry of Coal Utilization between the National Research Council and 
John Wiley & Sons was signed in 1942. 

One of the objectives of the Committee has been to make available 
as widely as possible the knowledge that has been gained from the 
study of coal and of its utilization. Every effort therefore has been 
made to keep the price of the report as low as is consistent with 
maintaining good workmanship. No royalties are to be paid by the 
publisher either to the National Research Council or to any individual 
contributor, nor are reprints of the individual chapters to be made 
available to the authors. The publisher agreed to meet the cost, 
estimated before the completion of the manuscript, of retyping such 
parts as might prove necessary to provide the printer with clean copy 
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and of redrawing the illustrations for the engraver. These actual 
costs exceeded the estimate by $1,000 and this excess was covered 
by a contribution from the Koppers Company of Pittsburgh, Penn¬ 
sylvania. This contribution has reduced the price of these volumes 
by an amount greater than the actual sum involved, and this generous 
action of the Koppers Company has directly helped the Committee to 
realize the objective stated in the first sentence of this paragraph. 

In a work such as this, with so many collaborators, uniform treat¬ 
ment of the subjects is not to be expected. Each author, who was 
selected because he was directly engaged in or closely associated 
with work on the subject of his chapter, was asked not only to discuss 
its status as disclosed by the literature, but also to point out where 
additional information would be heli)ful in advancing knowledge of 
the subject. The original intention, as prcviou^ly stated, was to 
include consideration of all published material through 1939. The 
manuscripts of many chapters, receipt of which was delayed, included 
references of papers published in 1942 to 1943. In otlier chapters, 
later references were added editorially to those cited in the original 
manuscript, and, where possible, statistical information was brought 
up to the latest available at the time of gall(*y proof. Many authors 
requested permis&ion, which was gratefully granted, to use unpublished 
data. 

Reading of galley and page proof and checking illustrations were 
done by the Editor, who also prepared the hook index, the name index, 
and the subject index. The book index is a lisi of all books and mono¬ 
graphs referred to in the text, except bulletins, technical pa])ers, and 
similar serial publications. It was felt that such a list would bt' of 
value to all organizations maintaining a library relating to coal and 
its utilization. The value of a name index has been questioned, but 
for the many who, like the Editor, a>sociate names with specific in¬ 
formation, it has been included. A subject index is always a com¬ 
promise between completeness and expediency; that inchidt'd lu*rein 
was prepared by the Editor with the assistance of the individual 
authors in most cases. 

Though each author is to be regarded as soh'ly r(‘sponsible for the 
conclusions drawn in his chapter, the Editor must acknowledge re¬ 
sponsibility for many changes which wc*re mad(* primarily in an 
attempt at uniformity of style. Incomplete or incorrect references 
were emended by the Editor. Since each author saw only galley proof 
of his chapter and not the edited manuscript, an indeterminate share 
of the responsibility for correctness of statement and citation must be 
acknowledged by the Editor. Care was taken not to change any ex¬ 
pression of personal opinion by an author even though the opinion was 
distinctly contrary to that held by the Editor. 

Differences in opinion held on the same subjects by different authors 
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are evident in many of the chapters where the same experimental data 
are considered in relation to different topics; they indicate the need for 
additional facts so that only a unique interpretation is possible. It is 
this frequent consideration of experimental work in a particular field 
by more than one author that renders less important the fact that not 
all of the authors were equally thorough in their reviews of the litera¬ 
ture on the subjects of their chapters. Cross references are given in 
limited number in the text; further cross referencing is available 
through the subject index. 

The Editor’s opinion is that a work of this kind might, if the demand 
appeared, be reprinted, but that a new edition should be unnecessary. 
Chemistry of Coal Utilization should be kept up to date with supple¬ 
mentary monographs on the subjects forming individual chapters or 
groups of chapters in the present volumes. Errors of omission and 
commission should be corrected in the supplementary volumes, and 
it would be greatly api)reciated by the Editor if the readers of these 
volumes would call his attention to errors. 

To all those who have contribut(*d so generously to this cooperative 
work the Committee on Chemical Utilization of Coal acknowledges 
its gratitude. 

H. H. Lowry 

Editor and Chairman of Committee 
on the Chemical Utilization of Coal, 
Division of Chemistry and Chemi¬ 
cal Technology, National Research 
Council 

CUAL Rkskauch Lahokatohy 
Caknjcgie Institute of Technology 
riTTSBuui.ii, Pennsylvania 
January, 1945 
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CHAPTER 25 


GAS FROM COAI. CARBONIZATION—PREPARATION AND 
PROPERTIES 

ALFK)';r) R. Powell 

Koppvrs Company, Pittsburgh, Pennsylvania 


Coal gas is one of the several products 
issuing from coal carbonization. In many 
operations the manufacture of gas is the 
chief objective, whereas in many others the 
jiroduction of coke is of primary economic 
interest. The chief object of the present 
chapter is to outline the most important 
jihysical and chemical properties of coal 
gas, with some description of each of the 
constituents normally present. 

In its present connection the term “coal 
gas” is used to refer to any gas that results 
from the carbonization of bituminou.^ or 
semibituminous coal. In commercial ter¬ 
minology the words “coke-oven gas” and 
‘'coal gas” commonly refer to the gas 
ing from coke ovens and gas retorts, re- 
sjiectively, but in the present treatment of 
the subject “coal gas” is used in its broad¬ 
est sense. Although gas is obtained as one 
of the products from the carbonization of 
coal of all ranks, the only commercially im¬ 
portant sources are bituminous coal and to 
some extent semibituniinous coal. 

Since the theory and ]iractice of ga.^ 
manufacture have led to a voluminous lit¬ 
erature, and since coal-gas manufacture is 
one of the major branches of this industry, 
it is obvious that a complete list of refer¬ 
ences is quite out of the jiicture. However, 


many books and reference lists specifically 
devoted to this subject are available.^ “ 

Formation of Coal Gas 

The formation of coal gas during the car¬ 
bonization of coal is always coincident with 
the carbonization process itself. When coal 
is heated out of contact with air to tem- 

1 Uiftniaii. W. F., and Whitakpr. M. C., U. S. 
Hnr. Mines, Tech. Paper 120 (1915), 27 pp. 

2 Mendp. Alwyiip, Modern Gas Works Prac¬ 
tice, Bpiin BroK., London, 1921, 815 pp. 

3 Duvidson, W. B., Gas Manufacture, Long¬ 
mans. (Jrppii and ('o.. London, 1923, 4b4 pp. 

4 Portor, II. C., Coal Carbonization, Cheinipal 
('atalog (V, Npw York, 1924, 442 pp. 

r. Aiiipripan Gas Association, Gas Chemists 
Hand Hook, Tldrd Kdition. Amorican Gas Asso- 
piation. Npw York. 1921). 795 pp. 

« Morgan, .1. ,1., American Gas Practice, Vol. 
1, Jproiup ,T. Morgan, Maplewood, N. J., 1931, 
999 pp. 

7 Glnud, W., and .lat'obson. I>. I.., International 
Handbook of the By-Product Coke Industry, 
Glipinipnl (’atalog (’o.. Np>v York. 1932, 87J1 pp, 

'' .Moadp. Alwynp, The -Vc?r Modern Gasworks 
Pravtiee, Vol. 1, Eyre and Spotliswoodc, London, 
1934, 534 pp. 

0 Papitic Coast Gas As.sociation. Gas Engi¬ 
neers' Handbook, McGniw’-lIill Book Co., New 
York. 1934, 1017 pp. 

10 Amprican Gas As.sopiation. Fuel-Flue Oases, 
Aiiipripan Gas Association, New York, 1940, 208 
PP- 

11 Various reports of Carbonization Commit¬ 
tees and Production Coininitteea of American 
Gas As.socialion, New York. Also various re¬ 
ports of foreign gas associations. 
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peratures lying below the plastic or soft-en- 
ing range (350 to 400® C), water vapor and 
small amounts of gas (largely carbon diox¬ 
ide) are evolved. Important quantities of 
gas and other volatile products are not dis¬ 
charged until the temi)eratiire of jdasticity 
of the coal has been reached and exceeded. 

The process of heating a coal from aj)- 
proximately 450 to 600® C and then dis¬ 
continuing the operation constitutes low- 
temperature carbonization. Under such 
conditions the yield of gas is low, approxi¬ 
mately in the range of 3,(X)() to 6,000 cubic 
feet per ton of coal, although the unit heat¬ 
ing value of this gas is high, owing to a 
relatively large content of hydrocarbons 
and a relatively small content of hydrogen. 
Be(‘ausc of the low yield of gjis, low-tem¬ 
perature carbonization is of rather minor 
importfince in the coal-gas industry as such. 

If the heating of the coal is continued to 
800® C or higher, the process is then high- 
temperature carbonization, and this is the 
method used by the coal-gas industry. Un¬ 
der these conditions the gas yield is ap¬ 
proximately in the range of 8,000 to 12,000 
cubic feet per ton of coal. 

However, high-temperature carboniza¬ 
tion, as applied in the manufacture of coal 
gas, is not quite as simjile as the above 
might indicate. As ex])ressed by Morgan,” 
“the coal is not distilled at a temperature 
but iq) to a temperature.” The gas and 
other volatile i)roducts from high-temiiera- 
ture carbonization are therefore not only 
those given oft' in the higher temperature 
range but they also include products given 
off in the low-temperature range, modified 
to some extent by subsequent exiiosure to 
high-temperature conditions while in the 
gaseous or vapor state. 

The above conditions are true because 
coal is heated in a static or unstirred man¬ 
ner in the oven or retort in which it is car¬ 
bonized for the production of gas. As the 


heat flows through the walls of the car¬ 
bonizing chamber the layer of coal imme¬ 
diately adjacent to the wall reaches a 
rather high state of carbonization before 
the heat flows further into the charge to 
carbonize more coal. The process thus 
continues until the center of the charge of 
coal Ls reached. At any one time the tem- 
jierature gradients through the carbonizing 
chamber are quite sharp, a ty])ical condi¬ 
tion being that the temperature of the fully 
coked material nejir the heating wall will be 
about 1,000® C while the uncoked coal m 
the center will be about 100® C, or the boil¬ 
ing ])oint of water. 

Furthermore, this difference in temjiera- 
ture is not evenly distributed between the 
wall and the center, but is characterized by 
an extremely sharp gradient at that layer 
in the charge which is just in the jirocess of 
being converted from coal into a low-tem¬ 
perature coke. This occurs in the so-called 
plastic hiN'er, which is initiated when the 
layer of coal has reached a tenijierature of 
about 350 to 400® C and begins to soften 
or fuse, and has completed its jilastic con¬ 
dition at a somewhat higher temperature 
at the time that the jilastic mass hardens 
and .sets. A comiilete descri])tion of this 
jihenomenon has been given in another 
cha])ter and is also referred to in most of 
the books describing the manufacture of 
gas.-' ” 

From the standpoint of gas production 
the matter of the path traveled by the 
evolved coal gas and other volatile matter 
is of more than ordinary importance. Prob¬ 
ably one of the most thorough discussions 
of the iilastic state of coal in carbonization 
including evidence as to the path traveled 
by the gas through the charge has been 
given by Foxwell.^- 

12 Foxwoll, G. E., Fuvlt 3, 122 8, 174-11, 2(M>- 
10, 227-35 (1924). 
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Most of the gases and vapors are liber¬ 
ated on the hot side of the plastic zone, 
that is, the side nearest the heating wall. 
From there they flow outwards toward the 
walls and thence pass up through the space 
between the wall and the coke or between 
the shrinkage cracks of the coke. A rather 
minor portion of the gases and vapors pass 
off on the cooler side of the plastic layer 
and, choosing the path of least resistance, 
flow up through the uncoked coal in the 
center of the charge. Thus the coal gas 
obtained from the high-temperature car¬ 
bonization of coal is almost wholly a prod¬ 
uct that has been subjected to relatively 
high temperatures despite the fact that 
much of it is evolved from the coal at 
rather low temperatures. 

The chemistry involved in the carboniza¬ 
tion of coal and the evolution of coal gas is 
extremely complex and cannot be repre¬ 
sented by definite chemical equations, 
largely because the chemical constitution of 
the coal substance itself is very complex 
and not determined except in a somewhat 
general manner. Some years ago Morgan 
and Soule gave a general explanation of 
the tyi)es of reactions that occur, ])ar1icu- 
larly in the primary stages of the decom- 
])osition of coal by heat. An unusually 
thorough study, including a summary of 
])revious work, was made by llolroyd and 
Wheeler “ of the primary thermal decom- 
I)osition of coal under experimental condi¬ 
tions calculatetl to eliminate the secondary 
reactions. 

C'oAL-CiAs Ovens and Retorts 

Since coal gas is jiroduced from the car¬ 
bonization of coal and since the commer¬ 
cial e(ini])nient for coal carbonization is 

13 MorKun, J. J., and Soule, R. P., Chem. d 
Met. Knii., 36, 923-8, 977-81, 1026-30 (1922). 

11 llolroyd, R., and Wheeler, R. V., Furl, », 
40-61, 70-93, 104-14 (1930). 


described in Chapter 21, the present de¬ 
scription is only a resume of this subject. 
Details may be found in the chapter re¬ 
ferred to above and in various reference 
books,® 

In general, equipment for the production 
of coal gas may be divided into two classes, 
based on the size of the chamber for the 
carbonization of coal. One class uses rela¬ 
tively small chambers, generally referred to 
as gas retorts. The other class uses much 
larger chambers and these are referred to 
as byproduct coke ovens. 

Gas retorts are further divided into a 
classification based on the position of the 
retorts: horizontal, inclined, or vertical. 

The horizontal retort is the oldest form 
for the production of coal gas and is still 
in use although displaced very largely by 
other forms. These retorts vary in length 
from 8 to .about 20 feet and have a shape 
that is roughly a half-cylinder; from the 
shape of the cross section they are often 
called D retorts. The flat portion forms 
the floor of the retort. They are buib up 
into banks or “benches,” and through these 
benches and jiround the outside of the re¬ 
torts flow the hot heating gases in a system 
of flues. The heating gavS is usually pro¬ 
ducer gas made in “built-in” producers pro¬ 
vided in the retort .setting itself. Recupera¬ 
tors are generally used in the heating sy.s- 
tem for purposes of heat economy. 

The shorter retort.s are commonly pro¬ 
vided with a door at only one end, and 
they are called stopped-end retorts; charg¬ 
ing of the coal and discharging of the coke 
an» usually done by hand. Most of the 
longer retorts have doors at each end and 
are called through retorts. In addition to 
hand charging and discharging, several in¬ 
genious machines have been devised to 
l)erform these operations. 

Inclined retorts, as the name indicates, 
are rather long carbonizing chambers in- 
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dined at an angle of about 30° with the 
horizontal. As compared to horizontal re¬ 
torts, the charging operation is consider¬ 
ably simplified, since the coal need only be 
poured in at the upi)er end. Discharge of 
the coke from the lower end, however, can¬ 
not usually be effected by gravity alone, 
and hand labor is necessary to assist in the 
operation. These retorts are said to pos¬ 
sess many disadvantages, and relatively few 
have been installed in America and Europe. 

Among gas retorts the verticals have be¬ 
come the most popular, especially in Amer¬ 
ica and England. Vertical retorts are clas¬ 
sified as either intermittent or continuous, 
the intermittent carbonizing the coal in 
batches fed to the retorts periodically and 
completely discharging the coke for each 
carbonizing iieriod, wherea^s the continuous 
take a slow continuous feed of coal at one 
end and discharge the coke contuiuously at 
the other end. 

In either type the retorts are in the fotm 
of vertical tubes about 20 or 25 feet long, 
with a roughly elliptical or rectangular 
cross section, measuring 5 to 10 feet in the 
long dimension and 8 to IS inches in the 
short dimension. The retorts are erected 
in groujis in settings, and the heating gas 
passes through flues arranged between the 
individual retorts. Producer gas, either 
from built-in or detached producers, is used 
for heating. Heat economy is secured by 
recuperators, regenerators, or waste-heat 
boilers. 

In all vertical retorts, charging of coal 
and discharging of coke are accom])lished 
by gravity. In the intermittents the top 
door of the retort is opened and the full 
charge of coal is allowed t-o flow in, after 
which the door is closed and carbonization 
is allowed to proceed to completion. The 
charge of hot coke is withdrawn from the 
retort by opening the door at the bottom 


and allowing the coke to run into a hot car 
where it is later quenched with water. 

In continuous verticals the coal feeds con¬ 
tinuously into the top of the retort through 
a special gas-tight coal valve, and the coke 
is continuously discharged at the bottom 
through a “coke extractor^’ into a receiving 
hojiper where the coke cools and is period¬ 
ically discharged into a small car. 

Morgan ® has summed up the advantages 
of the various classes of gas retorts as fol¬ 
lows : 

Advantages of vertical ov(‘r horizontal re- 
t orts: 

1. Less groiiiul area for given ea]>acity. 

2. Less Labor and better working condi¬ 
tions. 

3. Adaptable* to steaming (discussed later). 

4. No \eiy expensive charging and dis¬ 
charging inacliinery. 

Advantages of horizontal over \ertical n*- 
torts: 

1. Coke has h'ss (endency to jam. 

2. Cost of installation is 1 (*hs. 

3. Ease of inspection and repairs during 
o}>eration. 

4. No machinery in connection with re*- 
tort itself. 

Advantage's of continuous ve'rticals over hori¬ 
zontals or intermittent ve'rticals: 

1. Every piece of ce)al is subje'cle'el to same 
trealme'nt in its jiassage through re*torl. 

2. Quality of gas is constant. 

3. No loss of gas and no smoke nuisane'e 
elue to ope'iiing of retort for charging. 

4. Heat in coke Ls saved. 

5. Tar and ammonia yields higher, tar le'ss 
de'graded, and less lampblack, cyane)g(*n, 
anel naiihthalene formeel. 

Advantages of intermittent vertical retorts: 

1. No machinery to maintain. 

2. Ease of inspection anel re'jiairs eluring 
operation. 

3. Coke su])erior in quality to that from 
other forms of gas retorts. 

In the second general class of equipment 
for producing coal gas are byproduct coke 
ovens, as mentioned earher. These com- 
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paratively large carbonizing chambers were 
originally designed for the production of 
blast-furnace and foundry coke as the pri¬ 
mary product. This is the situation in 
most cases, but in all countries there has 
been a tendency to install many coke ovens 
primarily for the manufacture of city gas, 
with the coke more or less a secondary 
product. 

The modern full-size byproduct coke oven 
is approximately 40 feet long, 14 feet high, 
and 16 inches in width, and has a capacity 
of about 17 tons of coal per charge.^® 
The shape is practically rectangular, with 
a slight tJiper towards one end. These 
ovens arc erected in long rows in a “bat¬ 
tery” of ovens, with the length of the oven 
at right angles to the length of the battery. 
Between each oven chamber and the one 
adjacent to it are heating flues in which 
gas is burned to furnish the heat for car¬ 
bonization of the coal. Regenerators are 
provided in the base of the battery to se¬ 
cure heat economy. 

Coal is charged into the ovens from the 
to]) of the battery through removable doors 
in the oven tojis. After carbonization is 
comjilete, doors at the two ends of the 
oven are removeil and the red-hot coke is 
jiushed out by means of a long ram. The 
coke IS received in a siiecial car which car¬ 
ries it under a spray of water to be 
quenched. 

Although regenerators are provided for 
heat economy in the large majority of oven 
installations, recuperators or waste-heat 
boilers have sometimes been used, esjie- 
eially in some of the older types. So-called 
vertical flue ovens, with the heating flues 
arranged vertically, are in more common 
use than the horizontal-flue ovens, the con¬ 
struction of which has decreiused sharply. 

in Den Ik, F., Iron i^tcvl Kngr., 15, No. 10, 82- 
5a, 03 (1938). 


In addition to the regular full-sized by¬ 
product coke ovens, there are some instal¬ 
lations of small ovens approximately 14 
feet long, 8 feet high, and 12 inches wide, 
and each oven has a capacity of about 2.5 
tons of coal per charge. These ovens are 
designed for the manufacture of city gas 
for smaller towns and cities. 

Beginning in the late ’30’s, a few installa¬ 
tions have been made of sole-flue ovens.^® 
These carbonizing chambers are relatively 
long and wide but very low, so that they 
resemble in this respect the ordinary by¬ 
product oven chamber turned over 90" and 
lying on its side. Heating is carried out 
only from one face of this chamber, and 
this is from the bottom. The name of this 
oven is derived from the sole flues that are 
arranged below the oven bottom for heat¬ 
ing pur])o.ses. 

Aside from differences in the .shape and 
size of carbonizing chambers, differences in 
methods for charging the coal and discharg¬ 
ing the coke, and differences in applying 
the heat to the coal charge, the carboniza¬ 
tion of coal and the production of coal gas 
are funilamentally the same i>rocediire 
wherever carried out. One modification, 
rather imi)ortant from the standpoint of 
coal-gas manufacture, should be mentioned. 
This is the so-called steaming of retorts.-* 

It conj'ists of the introduction of steam into 
carbonizing chambers during the carboni¬ 
zation jirocess, thereby utilizing some of 
the sensible heat of the coke to produce 
some blue water gas and thereby enhance 
the yield of gas at the expense of the coke 
yield. This is practiced mainly in vertical 
retorts and is much more common in Eng¬ 
land than in America. 

10 ThU'Hsen, G., Ind. Eng, Chem., 2tt, 506-13 

17 Ward, J. T., Proc. Am. Qatt Assoc., 1027, 
1347-91. 
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Separation of Coal Gas from Other 

Volatile Products in Manufacture 

As the coal gas leaves the carbonizing 
chamber it is always mixed with condens¬ 
able materials which must, of course, 1^ 
removed. It also has associated with it 
small amounts of gaseous compounds which 
may or may not be removed from the 
main body of the coal gas for purposes of 
recovery of a useful byproduct or to make 
the gas more suitable for distribution and 
use as city gas. 

The first stej) in treatment of coal gas 
after it leaves the retort or oven i.s always 
condensation. This is accom])lished by 
cooling the gas, whereby the latent heat of 
the vapors and the sensible heat of the gas 
are removed, and the liquid comIen.sables 
are thereby separated from the coal gas 
proper. 

The major condensable materials present 
in the gfis are water and tar. When the 
gas is cooled, both of these condense more 
or less simultaneously and are drawn off 
together, the liquids separating later by 
reason of the difference in gravity. Coinci¬ 
dent with the condensation of water .some 
of the gaseous constituents that are more 
or less soluble in water also are removed 
from the gaseous phase; typical of such 
constituents are ammonia, hydrogen sul¬ 
fide, and carbon dioxide. 

After the cooling and condensation are 
completed, some tar usually remains in 
the gas in the form of a mist or fog. To 
remove this tar mist the gas must next 
be subjected to some physical treatment, 
which may take the form of scrubbing, im¬ 
pingement, electrical precipitation, or other 
schemes for the removal of dispersoids from 
gas. 

After the complete removal of ordinary 
condensables from the gas, it may be con¬ 
sidered that the preparation of coal gas as 


such has been completed. However, cer¬ 
tain of the gaseous constituents are usually 
removed also before the gas is considered 
suitable for use. It is almost universal 
practice to treat the gas for removal of its 
ammonia content, not only to make it more 
suitable for distribution but also to recover 
a useful byproduct; ammonia may be re¬ 
moved by water scrubbing or by passing 
the gas through sulfuric acid. It is also 
very common i)ractice to remove the hy¬ 
drogen sulfide from coal gas; its removal 
is comiiulsory if the gas is to be distributed 
for city use. Sometimes naphthalene may 
be removed from the coal gas to jirevent 
stoppages in the distribution system, and 
hydrocyanic acul may be removed to jiro- 
duce cyanogen byproducts. 

Li(iuid hydrocarbons, known as “light 
oil,” and consisting of benzene, toluene, 
xylene, etc., may b(‘ scrubbed from the 
coal gas, where they exist in the form of a 
vajKir, and they may constitute a byjirod- 
uct of great economic imjiortance. In some 
coal-gas plants these hydrocarbons are not 
removed but are left in the gas. 

To sum up the matter of separation of 
the coal gas from other materials and other 
treatment after leaving the carbonizing 
chamber, it may be said that this takes 
place in two general ste])s, as follows; (]) 
Removal of condensabh* materials. It is 
beyond the sco])e of the jiresent descri])tion 
to give the details of apjiaratus and com¬ 
mercial methods for the removal of water 
vajMir and tar from the hot coal gas leav¬ 
ing the retort or oven. (2) Reauoval of 
gaseous and vajior constituents from the 
coal gas. 

It should be emiihasized that the term 
“coal gas” as used here and in succeeding 
chapters refers to the entire mixture of 
volatile products resulting from the car¬ 
bonization of coal after the ordinary con¬ 
densables, water and tar, have been re- 
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TABLE I 

Typical Analyses of Coal Gas 

Percent by Volume of Moisture-Free Gas 


Illumi- Specific Heating Value 


No. 

Source 

CO 2 

O 2 

N 2 

CO 

H 2 

CH 4 

nants 

Gravity 

Btu per 

cu ft 

1 

Horizontal retort 

2.4 

0.8 

11.3 

7.4 

48.0 

27.1 

3.0 

0.47 

Gross 

542 

Net 

486 

2 

Inclined retort 

1.7 

0.8 

8.1 

7.3 

49.5 

29.2 

3.4 

0.47 

599 

540 

8 

(continuous vertical 
retort 

3.0 

0.2 

4.4 

10.9 

54.5 

24.2 

2.8 

0.42 

532 

477 

4 

Intermittent vertical 
retort 

1.7 

0.5 

8.2 

6.9 

49.7 

29.9 

3.1 

0.41 

540 

482 

5 

Intermittent verti¬ 
cal oven 

2.1 

0.4 

4.4 

13.5 

51.9 

24.3 

3.4 

0.42 

520 

466 

i) 

Byproduct coke oven 

2.2 

0.8 

8.1 

6.3 

46.5 

32.1 

4.0 

0.44 

569 

509 

7 

Bypr(jduct coke oven 

1.8 

0.2 

2.0 

4.5 

57.9 

30.3 

3.3 

0.36 

567 

505 

8 

Byproduct coke oven 

1.3 

0.5 

9.6 

6.9 

50.7 

27.6 

3.4 

0.40 

542 

486 

9 

Byproduct coke oven 

1.6 

0.6 

8.4 

6.5 

51.4 

28.4 

3.1 

0.40 

537 

480 

U) 

Byproduct coke oven 

2.0 

0.9 

7.0 

6.2 

53.2 

26.7 

4.0 

0.40 

580 

523 

11 

Byjiroduct coke oven 

1.5 

0.6 

6.2 

5.3 

57.1 

25.9 

3.4 

0.39 

557 

499 

12 

Sole-flue coke oven 

4.2 

I.O 

15.6 

14.1 

43.5 

19.0 

2.6 

0.54 

435 

392 

13 

I jow-temi)erature (!ar- 
bonization 

5.1 

0.4 

2.1 

2.9 

16.4 

70.9 

2.2 

0.63 

914 

838 


NOTES ON TABLE I 

All the flfftires in this table refer to rfrf/ yuH, that is, pas that is entirely free of water vapor. This 
is the usual proeedure as far ns the per<‘<‘ntape eheiuieul <‘oinposition of pas is eoneerned. It is more 
eoniiiKni in <*oininereial praetiee to express the speeitic pravity and the heating value of gas (Btu per 
euhie foot) (»n the basis of pas at (JO® F and a pressure of 30 inehes of mercury and saturated with 
water vapor under tliese conditions of temperature and pressure. In the table, specific gravity and 
heating value are expressed on the basis of dry gas at 00® F and 30 inches mercury. The values 
given for heating value in the table wiuild be 1.74 percent h)wer w'ben expressed on the basis of 
saturation with water vapor at tio® F and 3o inches mercury. 

Ill all norinal <-oal pas some ethane. (VL, is present in addition to the methane, CH*. It is most 
(‘oinnion to eoinbine these constituents on the basis that one mole of ethane is approximately equiva 
lent to two nudes of methane, and this procedure has been followed in the table. 

In some of the gases tabulated the light <»il had been removed before the pas was analy/.ed. This 
has tlie effect of lowering the content of illuminants somewhat, and it also lowers the heating value 
((uit«‘ appreciably. This will be discussed later in detail under the subject of specific constituents of 
coal gas. 

Also in some of the analyses, a small percentage of producer gas hag been added to the coal pas 
liefore the point of pas sampling in the plant. The chief effect of this procedure is to raise the 
nitrogen (‘ontent of the gas slightly. 

The following notes refer to each spe<'ific sample of coal gas by number : 

Nos. l-fi. These analyses have been taken from the American Gas Association book, Fuel-Flue 
(hi sen .' *' 

No. 7. Monthly average of send-out gas from a byproduct coke plant. Light oil harf been removed 
from this gas. 

Nos. 8-9. Monthly average of send-out gas from byjiroduct coke plants. Light oil has been re¬ 
moved from and prmliicer gas added to these coal gases. 

Nos. 10-11. Monthly averages of send-out gas from byproduct coke plants. At these plants light 
oil has not been removed. 

No. 12. Coal gas made from 100 percent Illinois coal. Average of five samples. See ref. 10. 

No. 13. Gas made in experimental retort at temperature of 500" C from Pittsburgh Seam coal.** 
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moved. In other words, it is considered 
that the mixture of gases and vapors re¬ 
sulting after the completion of the first 
step outlined above is coal gas, and those 
• operations carried out in the second step 
are treatments of coal gas as such. 

Composition and Properties in General 

Since coal gas is simply a mixture of 
gases and vai)ors, its ]iroperties will largely 
he determined by the nature and amount 
of these various chemical com])Oimds com- 
j)rising the mixture. Of primary impor¬ 
tance, therefore, is the chemical composi¬ 
tion of the ga.^ and the ])ercentage limits 
between which each compound is present 
under different conditions of manufacture, 
etc. Of somewhat secondary importance 
are the iihysical properties of the coal gas 
as such, since these projierties are deter¬ 
mined almost entirely by the separate com- 
Iionents making up the mixture. 

A few typical analyses of coal gas from 
the carbonization of different coals, as taken 
from the literature and other sources, are 
shown in Table I. It should be empha¬ 
sized that these represent for the most part 
gas produced from various commercial 
jilants. Many conditions may have dif¬ 
fered in addition to the type of carbonizing 
equiinuent em]iloyed to jiroduce the coal 
gas. The detailed notes following Table I 
should be consulted for an explanation of 
some of these variables and for literature 
references. 

The method of ex])ressing analyses of 
coal gas in Table T, although useful for 
most commercial purposes, does not give 
the coin])lete story. For examjile, the fig¬ 
ure for carlion dioxide also includes any 
other acidic constituents that may have 
been present in the gas, such as hydrogen 
sulfide and hydrocyanic acid. As mentioned 
in the notes following the table, the figure 
for methane also includes ethane and other 


members of the paraffin series of hydro¬ 
carbons. The term “illuminants” includes 
many iinsaturated and aromatic hydrocar¬ 
bons, which are lumped together in one 
class by this terminology. Also present in 
coal gas are many compounds that occur in 
very minute amounts and are determined 
only for special purposes. 

A very few ‘'complete'’ analyses of coal 
gas have been made by means of fractional 
distillation of the gas at extremely low tem¬ 
peratures. In Table II are given the re¬ 
sults of such analyses of coke-oven gas both 
before and after the light-oil scrubbers. 
These analyses were made by the U. S. 
Bureau of Mines.^*^ 

The U. S, Bureau of Mines also made a 
rather exhaustive study of coal giis result¬ 
ing from low-temperature carbonization.-*’ 
Table III summarizes the results. 

These two examples give some idea of the 
complexity of the composition of coal gases, 
especially as regards the presence of many 
different hydrocarbons. Later, still other 
components of coal gas that are present in 
very small amounts will be discussed under 
sjiecific title.s. 

For certain imriioses of gas utilization it 
is sometimes of interest to know how the 
chemical analysis of coal gas varies during 
the ])eriod of carbonization. Several inves¬ 
tigations of this subject have been made, 
and the results of one test conducted in 
England are given in Table IV.-^ This test 
was made on a coke oven having a width 
of 16 inches and a coal charge of 13.4 tons 

iH Fii‘l(lin*r, A, (\, and Davis. ,7 D., U. *Sf. Itur. 
MInvH, Monuf/rnph 5 (lfta4), ](»4 i>i). 

10 rnltpd StnfPH Stpf‘1 Corporati(»n, ('lioinists’ 
(’oiiiiniltpp, Sampling and Analguitt oj Coal, Vokv, 
and lip-produvtH, (’arneffle Stool Co„ PittHburpli, 
Pa., Srd od.. IRLM), p. 134; Yant, W. P.. and Fro.v, 
F. E.. Ind. Kng. Vhem., 19. 13r>S-«l (1927). 

20 Froy, F. E., and Yant, W. P., Ind. Eng. 
Chew.. 19, 21-0. 488-93 (1927). 

21 SaiindorK, S. W., and Smith. F. Frank. (Ia$ 
World, 9K, (diking Boot., 40-3 (1933). 
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TABLE II 

Complete Analyses of Coke-Oven Gas 
PBOM Koppebs Ovens 


Percent by Volume of 
Moisture-Free Gas 


Component 

Unwashed 

Debenzolized 

Hydrogen sulfide 

0.7 

0.7 

Carbon dioxide 

1.7 

1.5 

Nitrogen 

0.9 

1.0 

Oxygen 

0.0 

0.0 

Hydrogen 

56.7 

57.2 

Carbon monoxide 

5.7 

5.8 

Methane 

29.6 

29.2 

Ethane 

1.28 

1.35 

Ethylene 

2.45 

2.50 

Pro[>ylene 

0.34 

0.29 

Propane 

0.08 

0.11 

Butylene 

0.16 

0.18 

Butane 

0.02 

0.04 

Acetylene 

0.05 

0.05 

Light oil 

0.65 

0.15 

Totals 

100.33 

100.07 


on the dry basis. The coking period used 
was 14 hours. The yields of vjirious by¬ 
products during each hour of the coking 
period were also determined, but only the 
dat.a on the coal gas are presented. Most 
significant of the trends in the composi¬ 
tion of the coal ga> are the decrease in 
hydrocarbons and the corresjionding in- 
creiL^e in hydrogcMi as the carbonization 
])roce.ss proceeds to completion. 

As stated earlier, coal gas is simjdy a 
mixture of various gases a.nd vapors, and 
therefore the chemical and jihysical proi)er- 
ties will, of course, be determined by these 
comiionents. It is beyond the scojie of the 
present treatment of the subject of coal 
gas to go into the subject of the chemical 
and physical i)ro])erties of these component 
substances. 

Methods for the sampling and analysis 
of coal gas are given in some detail in the 
Gas Chemists Hand Book of the American 


TABLE III 


Complete Analysis of Low-Tempebatube 
Cabbonization Coal Gas*® 


Constituent 

Percent by 
Volume of 
Moisture-Free 
Gas 

Carbon dioxide 

11.0 

Hydrogen sulfide 

1.0 

Nitrogen 

1.1 

Oxygen 

0.0 

Hydrogen 

33.5 

Carbon monoxide 

11.7 

Methane 

32.4 

Ethylene 

0.92 

Acetylene 

0.00 

Ethane 

3.8 

Propylene 

0.87 

Propane 

1.33 

wn«ym-Dimethylethylene 

0.21 

S2/7«-Dimethylethylene 

0.18 

Ethylethylene 

0.12 

1,3-Butadiene 

0.002-1- 

»-Butane 

0.28 

Isobutane 

0.09 

Light oil, etc. (by difference) 

1.498 


100.000 

Gas Association; ^ this book also outlines 
methods for determining the density (spe¬ 
cific gravity), the heating value, and the 
water dew point of coal gas. Some typical 
figures for the specific gravity and heating 
value of coal gas have already been given 
in Table I. 

The viscosity of coal gas can be deter¬ 
mined directly by various methods or else 
can be calculated with a fair degree of ac¬ 
curacy from the known viscosity of the in¬ 
dividual constituents. A complete discus¬ 
sion of this subject, together with a large 
number of literature references, is avail¬ 
able 

22 Herninf;, F., and Zlpperor, L., Oaa - u . Wa«- 
aerfarh , 79, 49-64, 69-73 (1936). 
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TABLE IV 

Variation op Gas Analyses during Coking Period** 


ITS after 
arging 

Percent by Volume of Moisture-Free Gas 



Gas Produced 
cubic feet 
per hr 

G 02 ( 4 * 028 , etc.) 

llluminants 

CO 

CH4 

H, 

N, 

1 

1.6 

4.6 

5.3 

34.8 

52.0 

2.1 

11,900 

2 

1.7 

4.4 

5.3 

33.6 

53.4 

2.3 

10,600 

3 

1.8 

4.0 

5.3 

32.4 

54.8 

2.5 

13,800 

4 

1.9 

3.6 

5.3 

31.0 

56.0 

2.6 

13,000 

5 

2.0 

3.2 

5.3 

30.0 

57.2 

2.7 

13,000 

6 

2.1 

2.6 

5.3 

28.8 

58.4 

2.8 

13,600 

7 

2.2 

2.2 

5.3 

27.6 

59.5 

3.0 

14,000 

8 

2.1 

1.8 

5.3 

26.4 

60.6 

3.1 

13,600 

9 

1.9 

1.4 

5.3 

25.0 

61.8 

3.2 

13,200 

10 

1.4 

1.0 

5.3 

22.0 

66.0 

3.4 

14,800 

11 

0.8 

0.4 

5.3 

16.2 

72.0 

3.6 

9,100 

12 

0.4 


5.3 

11.0 

78.0 

4.1 


13 

0.3 


5.3 

5.6 

84.0 

5.5 



Specific Constituents of Coal Gas 

In the literature on coal gas there are 
many references to the presence of liter¬ 
ally hundreds of different constituents. 
This is easily understood when it is con¬ 
sidered that coal gas and coal tar are 
formed simultaneously in the carbonizing 
equipment and leave the carbonizing cham¬ 
ber as a single stream of gases and vapors. 
In the condensation process most of the tar 
vapor and a substantial portion of the 
water vapor are condensed and thereby 
removed from the coal gas. ObvioiLsIy, the 
coal gas will retain that proi)ortion of the 
vapor of the various compounds as deter¬ 
mined by the partial pressure of these com¬ 
pounds in the liquid condensates. For this 
reason, all the hundreds of constituents 
that are known to be present in coal tar 
are undoubtedly present in coal gas. How¬ 
ever, the actual quantity of many of these 
coal-tar compounds that will be existent in 
the gas is so extremely minute and so far 
beyond the ordinary means of detection 
that it would be quite impractical and con¬ 
fusing to list them as being present. 


The list of compounds in Tai)le V is 
quite selective, including only those that 
have actually been identified as being pres¬ 
ent in coal gas, and that are of more or 
less importance in purifj'ing the gas or re¬ 
covering commercially important byprod¬ 
ucts from it. The data for ])rei)aration of 
Table V have been gleaned from man>- 
sources, including two rather complete li^t^ 
of some of the.se compounds in i)ublished 
Ijooks.*^ Other literature reference.s will be 
given later in connection with spetafic com¬ 
pounds in this list. Table V lists the more 
important constituentvs of coal gjis accord¬ 
ing to their chemical classification. An¬ 
other method of classifying them, .and one 
that is most important from the st.and- 
fK)int of purifying the gas and/or remov¬ 
ing from it useful byproducts, is to cla.s.sify 
the constituents by their physical ])roi)(‘r- 
ties of vapor pressure and solubility in 
liquid condensates. 

For exam})le, the gas is normally satu- 

23 SiniintTBbach, O., and Schiieidpr, G., Grund- 
laffen drr KokHvhemic, .'{rd <*d., .Tullus Sprlnj;«T, 
Berlin, loao. lUUi pp. Iloflfort, W. II., and (’lax 
Ion, (L, Motor liensolv, 2nd ed., National Benzole 
AHHoeiation, London, 1038, 033 pp. 
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TABLE V 

Constituents op Coal Gab 


Class 

Compound 

Formula 

Boiling Point, °C 

Elements 

Hydrogen 

Hs 

-263 


Nitrogen 


-196 


Oxygen 

O 2 

-183 

Oxides 

Carbon monoxide 

CO 

-192 


Carbon dioxide 

C 02 

-78 


Water 

H 20 

100 


Nitric oxide 

NO 

-151 

Paraffin hydrocarbons 

Methane 

CH 4 

-161 


Ethane 

QtH* 

-89 


Propane 

C 3 H 8 

-44 


n-Butane 

C 4 H 10 

0 


Isobutane 

C4H,„ 

-10 


Higher paiaffins 

C 5 H 12 to C 10 H 22 

10 to 174 

Olefin hydrocarbons 

Ethylene 

C 2 H 4 

-104 


Propylene 

C 3 H 6 

-46 


n-Butene (butylene) 

C 4 H 8 

-5 


Isobutene 

C 4 H 8 

-6 

Acetylene hydrocarbons 

Acetylene 

C 2 H 2 

-84 


Allylene 

C 3 H 4 

-27 


Crotonylene 

C’4H3 

18 

Aromatic hydrocarbons 

Benzene 

CbHe 

80 


Toluene 

C 7 H 8 

111 


0 -, W-, p-Xylenes 


138 to 144 


Ethylbenzene 

CsHio 

136 


Propylbenzene 

C 9 H 12 

158 


Ethyltoluene 

C 9 H 12 

168 to 163 


Pseudocumene 

C 9 H 12 

168 


Mesitylene 

C\Hi2 

164 


Hemimellitene 

C9H,2 

176 


Cymene 

CiuHi4 

167 to 177 


Durene 

C 10 H 14 

196 


Naphthalene 

(^oHg 

218 


Methylnaphthalene 

C„Hio 

243 

Miscellaneous unsaturated 

Butadiene 

C 4 H 6 

-6 

hydrocarbons 

(Vclopentadiene 

CfiHe 

42 


Styrene 

CgHg 

146 


Indene 

C 9 H 8 

178 
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TABLE Continued 



(Constituents of 

Coal Gas 


Class 

Compound 

Formula 

Boiling Point, 

Oxygen compounds 

Phenol 

CbHcO 

184 


0 -, ?n-, p-Cresols 

CtHsO 

187 to 202 


Xylenols 

C^sHioO 

211 to 225 


Ck)umarone 

CgHflO 

169 

Nitrogen compounds 

Ammonia 

NHs 

-33 


Hydrocyanic acid 

HCN 

26 


Acetonitrile 

(2H3N 

80 


Pyridine 

C5H6N 

118 


Picolines 

CbHtN 

135 to 138 


Lutidines 

C 7 H 9 N 

143 to 170 

Sulfur compounds 

Hydrogen sulfide 

H 2 S 

-60 


(Carbon disulfide 

CS2 

46 


Carbon oxysulfide 

C^OS 

-50 


Methyl mercaptan 

CH 4 S 

6 


Ethyl mercaptan 

CsHbS 

36 


Methyl sulfide 

CsHeS 

41 


Ethyl sulfide 

C 4 H 10 S 

91 


Thiophene 

C 4 H 4 S 

84 


rated with water vapor, and decrease in the recovery of lij 2 ;ht oil from the gas. 

temperature causes condensation. Certain Such compounds range from cyclopenta- 

constituents that are more or less soluble diene and carbon di.sulfide with boiling 

in water are partially removed from the points of appro.ximately 40“ C iij) through 

gas by the water condensation. Among the the entire range of hydrocarbon> and other 

water-soluble compounds are ammonia, car- oil-soluble comiiounds to the highest-boil- 

bon dioxide, hydrogen sulfide, hydrocyanic ing constituents in the ga>. 
acid, phenol and related compounds, and Lastly, all those constituents which have 
pyridine and related compounds. All these boiling points less than 40° C and which 
appear in the so-called ammonia liquor, are not very soluble in water act as more 

which is discussed in Chapter 32, but a or less “{lermanent” gases and aiijiear in 

very substantial proportion of these com- the finished coal gas in about the same 

pounds still remains in the gas after the quantity as in the original gas issuing from 

condensation of water has occurred, the carbonizing chamber, unless some sjie- 

Many of the compounds are quite sohi- cial process has been aiijilied for their re- 

ble in tar and other oils and have a low nioval. They comprise by far the major 

enough vapor pressure to be so absorbed, proportion of the coal gas. 

After tar condensation has taken place, the Hydrogen. On a volume basis, hydrogen 
residues of these compounds remaining in usually is the major constituent pre^sent in 

the gas may be absorbed by wash oil for coal gas. The quantity ranges from 15 
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percent in gas from low-temperature car¬ 
bonization to a high limit of about 60 per¬ 
cent in high-tcmperature carbonization. 
Because of the very low specific gravity of 
hydrogen, only about 2 to 10 percent by 
weight is present in coal gas. 

Hydrogen results very largely from a sec¬ 
ondary decomposition in the hotter portions 
of the carbonizing chamber of certain pri¬ 
mary gaseous products of the earlier htage.s 
of carbonization. In addition, much of the 
hydrogen also comes directly from coke as 
higher tem])eraturcs convert the low-tem¬ 
perature coke initially formed into high- 
temi)erature coke. 

Hydrogen is one of the “permanent” 
gases present in coal gas, and there are no 
significant changes in quantity or effects on 
the various gius-treatment p^oce^ses caused 
by it. However, it i." of great significance 
in affecting the physical characteristics of 
the gas, such as specific gravity, and it 
plays a very important part in the use of 
the gas for fuel purposes, since the com¬ 
bustion charact(*ristic> of coal gas are af¬ 
fected very markedly by the hydrogen con¬ 
tent. 

In Europe, coal gas is often used as a 
source of hydrogen for various chemical 
syntheses, but it is not much used for this 
puriiose in America. 

Nitrogen. The nitrogen of coal gas 
comes from two entirely different sources: 
one is the coal itself, since free nitrogen is 
among the products of thermal decomposi¬ 
tion of coal; the second is atmospheric 
nitrogen that leaks in or is added to the 
gas as waste flue gas, air, or producer gas. 

The nitrogen that comes from the de¬ 
composition of the coal is rather minor in 
amount as cornjiared to the t(>tal free nitro¬ 
gen usually present in coal gas. It will 
jirobably average about 1.0 percent by vol¬ 
ume of the coal gas but may range from 
0.5 to 1.5 percent. The total nitrogen con¬ 


tent of gas coals is about 1.4 percent by 
weight, and various studies have indicated 
that between 15 and 40 percent of this ni¬ 
trogen will finally appear as free nitrogen 
in the coal gas. The remainder of the 
coal nitrogen stays in the coke or is evolved 
in the form of ammonia, minor percentages 
coming out in the tar or appearing in the 
gas as cyanogen compounds ** 

The atmospheric nitrogen present in coal 
gas is quite variable in amount, since it is 
governed entirely by the accidental or pur¬ 
poseful mixing of air, flue gas, or producer 
gas with the coal gas. This variation is 
well illustrated in Table I, where the free 
nitrogen content of the coal gases listed 
there ranged from 2.0 to 15.6 percent. Al¬ 
lowing 1.0 percent as the amount coming 
from the decomposition of the coal, the 
range of atmospheric nitrogen in these 
gases would be 1.0 to 14.6 percent. It 
must be kept in mind that this atmospheric 
nitrogen present in coal gas is not pure 
nitrogen but also contains the rare gases 
that are always associated with nitrogen 
obtained from the atmosphere. 

Aside from the accidental inleakage of 
free nitrogen into coal gas during its manu¬ 
facture, nitrogen is often purposely added 
for various reasons. Among these are (1) 
the addition of air for the purpose of fur¬ 
nishing oxygen in the gas to assist in re¬ 
moval of hydrogen sulfide by iron oxide, 
(2) the addition of producer gas to regu¬ 
late and make uniform the heating value 
and the specific gravity of the coal gas 
when distributed for city use. Otherwise 
free nitrogen has no value or function in 
coal gas. It is classified as one of the 
“inerts” since it has no heating value. Like 
hydrogen it is one of the permanent gases, 

24 Short. A., J. 8oo. Chem. Ind., 26, 581-5 
(1907) ; Stone, C. H.. Om Age^Reeord, 61, 241-^ 
(1923) ; SimmerBbach, O., Stahl u. Eiaen, 34, 
1155 9 (1914). 
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and it is not affected by nor does it affect 
the various gas-treatment processes in the 
manufacturing plant, nor does it affect in 
any way the distribution of the gas through 
pipe lines, except as it influences Ihe spe¬ 
cific gravity of the coal gas. 

Oxygen. Free oxygen is pre.sent in coal 
gas only as a result of inleakage or intro¬ 
duction of air after the gas has left the car¬ 
bonizing chamber. Under the high tem¬ 
perature and strongly reducing conditions 
of the coke oven or gas retort it would not 
be expected that free oxygen could exist, 
and it does not. 

Oxygen is found in coal gas in amounts 
ranging from 0.1 to 1.0 percent. It is very 
exceptional indeed to have less than 0.1 
percent present, and it is usually considered 
poor operating practice to have more than 
1.0 percent. 

As stated in the previous section, it is 
rather common to add oxygen purposely 
to gas in the form of air in order to assist 
in the removal of hydrogen sulfide by the 
iron oxide method of gas purification. In 
addition to this voluntary addition of oxy¬ 
gen, there is always some incidental leak¬ 
age or diffusion of air into the gas .stream 
at the manufacturing plant. 

Other than its function of as.^isting in the 
purification of the gas in the iron oxide 
boxes of the gas plant, oxygen .serves no 
useful purpose and may be (piite detrimen¬ 
tal if present in exces.sive quantities. Oxy¬ 
gen has zero heating value and, like nitro¬ 
gen, is classed as one of the inerts. 

Probably the most harmful property of 
oxygen, especially w'hen it is present in 
amounts exceeding 1.0 percent, is its tend¬ 
ency to promote corrosion of metals in the 
gas-distribution system. The constituents 
of gas that are the most generally regarded 
as contributing to corrosion of the interior 
of gas-distribution systems are oxygen, 
water, carbon dioxide, hydrocyanic acid, 


hydrogen sulfide, organic sulfur conqiounds, 
and ammonia. Several years ago a bibli¬ 
ography and summary of the subject of 
corrosion by gas was prepared.-® 

The gas constituent that is probably the 
most active in causing corrosion is oxygen. 
This is shown by the fact that iron oxide 
is the chief material present in corrosion 
de])osits on iron or steel and also by the 
fact that natural gas under high ])ressure 
may i)roduce decided corrosion when the 
other constituents mentioned above are ab¬ 
sent but when a small percentage of oxygen 
is present.-® 

Another deleterious effect of oxygen in 
coal gas is in connection with the forma¬ 
tion of nitrogenou.s or “vapor-phase” gum. 
This will be more pro])erly discussed later 
under the subject of nitric oxide in coal gas. 

Carbon Monoxide. Carbon nionoxuh' is 
jiresent a^? one of lh(‘ major constituents 
in all commercial coal gas, since it is one 
of the products resulting from the thermal 
decom])osition of coal. The usual (juaiitity 
is fi or 7 jiercent by volume of the coal gas, 
but the amount may vary between the lim¬ 
its of 4 and 10 jicrcent. If more than 10 
jiercent carbon monoxide is found in coal 
gas, the chances are that steaming of the 
charge has been jiracticed. 

Like the three constituents described jire- 
viously, carbon monoxide is one of the jier- 
manent gase.s iire.sent in coal gas, and it is 
not affected by the gas-treatment proc(‘s^es 
in the manufacturing jilant. On a volume 
ba.si.s it has about the .same heating v.alue 
as hydrogen, and its effect on the combus¬ 
tion characteriseic.s of the gas is signifi¬ 
cant. 

As is well known, carbon monoxide is ex¬ 
tremely toxic when present in air in suffi- 

25 Goldsteen, H. A., Proc. Am. Gas Ashoc., 
1028. 1258-01. 

26Allyne, A. B., Gas Age-Record, 70, 207 8 
(1832). 
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ciently high concentrations, and for this 
reason the mixing of comparatively large 
volumes of coal gas with the air in a room 
or building may cause fatalities. Since coal 
gas has a distinctive odor, its presence can 
usually be detected in advance of a dan¬ 
gerous concentration of carbon monoxide. 
A selected but quite complete bibliography 
on carbon monoxide poisoning and its treat¬ 
ments has been prei)ared.i^’ 

Carbon Dioxide. Carbon dioxi<le occurs 
in coal gas in amounts usually between ]./i 
and 2.0 i)ercent by volume. If the content 
is much higher rhan 2.0 percent the indica¬ 
tions are that hue gas has been mixed with 
the gas in the carbonizing chamber or pos¬ 
sibly that the charge has been subjected to 
steaming. 

Along with nitrogen and oxygen, the car¬ 
bon dioxide is an “inert” since it contrib¬ 
utes nothing to the heating value of the 
gas. From the standpoint of gas-plant op¬ 
eration the most imiiortant ])roperty of 
carbon dioxide is its solubility in water 
and its tendency to react with ammonia. 
Therefore, Nsheii condensation occurs in the 
gas-treatment system, not only does a por¬ 
tion of the ammonia leave the gaseous 
])hase along with the condensed water, but 
also some of the carbon dioxide is dis¬ 
solved, more or less loosely combined with 
the ammonia. 

As stated ])reviously, carbon dioxide is 
considered one of the corrosive constituents 
of gas, owing to its weakly acidic nature. 
In all jirobability, however, its corro.sive 
action on the metal of the di.stribution 
system is quite mihl conqiared to that of 
some other constituents present in coal gas. 

Water Vapor. Although water vajior is 
quite often omitted from a list of those 
constituents found in coal gas, it is of con¬ 
siderable importance from the standi^oints 
both of gas treatment at the plant and of 
distribution of the gas through mains. 


Water is one of the products of the process 
of coal carbonization, coming both from the 
free moisture present in the coal and from 
the “combined water” or water of decom¬ 
position of the coal. Most of this water is 
condensed as ammonia liquor. After the 
gas has passed through the various treat¬ 
ment processes in the plant, it is usually 
saturated with water vapor, so that the 
content of water vapor in the gas is largely 
determined by the temperature. For ex¬ 
ample, saturated gas at 60“ F would con¬ 
tain 1.74 percent by volume of water vapor, 
at 80“ F it would contain 3.45 percent, etc. 
Under some other conditions the gas is un¬ 
saturated, so that the water content of coal 
gas must be considered as quite variable 
and entirely unrelated to the coal used or 
to the conditions of carbonization. 

Water vapor as such is simply an inert 
and ha«^ no significant effect on the distri¬ 
bution of gas or its combustion, except as 
it may affect the flame temperature. How¬ 
ever, the fact that it is a condensable vapor 
has an important bearing on the distribu¬ 
tion of gas. After the coal gas leaves the 
point of manufacture, any decrease in tem- 
jierature will cause condensation, if the gas 
IS saturated. 

The condensation of water in gas mains, 
services, and meters often leads to deposits 
that will caine stojipage of gas flow in 
mains or customer apiiliances. One exam¬ 
ine of this occurs in freeze-ups in exposed 
sections of pipe, where the condensed water 
is converted into ice. However, the most 
universal and harmful effect of condensed 
water is its action in promoting corrosion 
of mains; such corrosion may cause stop¬ 
page's right at the point of formation, or 
during seasons when the main is dry it may 
lead to the pick-up by the gas of rusty 
dust which may then be carried on to 
cause stopjiage of consumers’ appliances, 
etc. 
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Within recent years the harmful effects 
due to liquid water condensing from gas 
into the gas-distribution system have been 
seriously recognized, and commercial proc¬ 
esses have been developed and applied for 
partial removal of water vapor from gas; 
these processes have been included under 
the general designation of “gas condition¬ 
ing.” Most of the important references 
to moisture in gas and methods for partial 
removal of moisture have been given by 
Oppermann in a bibliography on gas con- 
ditioning.-^ In 1939, Shively described the 
latest developments in gas conditioning.-® 
These processes have been summarized in 
Chapter 29. 

Nitric Oxide. Only comparatively re¬ 
cently has nitric oxide, NO, been seriously 
considered as a constituent of coal gas and 
other manufactured gas. This is not sur¬ 
prising when it is realized that the amount 
present seldom exceeds 0.0005 percent by 
volume. A typical figure for nitric oxide 
content of coal gas is one-hundredth of 
that just mentioned, or 0.000005 jicrcent 
(0.05 part per million). The usual range 
of concentration is from zero to 0.0001 
percent (1.0 part per million). 

Despite the extremely minute amount 
present in coal gas, nitric oxide is a con¬ 
stituent of considerable significance since 
its presence may lead to serious disturb¬ 
ances in customers’ gas appliances. The 
chemical interaction of three gaseous con¬ 
stituents—namely, nitric oxide, oxygen, and 
certain unsaturated hydrocarbons—leads to 
the formation in the gas of nitrogenous or 
“vapor-phase” gum. The reaction proceeds 
rather slowly under ordinary conditions, 
and it is only after the gas has attained 
an age of possibly an hour or more that 
an appreciable quantity of the nitrogenous 

27 Oppermann, R. H., Proc. Am. Gas Assoc., 
1987, 693-4. 

28 Shively, W. L., ibid., 1939, 501-15. 


gum makes its appearance in the gas. 
Even then, the actual quantity produced is 
extremely minute, and it would never have 
developed into a trouble-making substance 
except for the fact that it is present as a 
very fine fog or mist which remains sus¬ 
pended in the gas stream very persistently. 
When the gas containing this fine mist of 
gummy particles passes through a small 
orifice or is subjected to a sudden change 
of direction at rather high velocity, many 
of the gum particles are deposited and in 
time the deiiosits lead to a stoppage. 

This type of deposit began to be recog¬ 
nized only when range lighters, pilot lights, 
and various automatic gas appliances that 
included an orifice or extremely small pas¬ 
sage for gas were installed extensively in 
the homes of consumers. A characteristic 
of this material is that it affects only equip¬ 
ment of the type mentioned above; it is 
present in the gas in far too small a quan¬ 
tity to cause stopi)age of mains or service 
lines. 

As yet it has not been definitely i)roved 
that nitric oxide is one of the products of 
coal carbonization, although it well may 
be. At any rate, the major jiart of the 
nitric oxide found in coal gas come.s from 
inleakage of flue gas and from combustion 
gas formed when air is drawn into the 
carbonizing chamber during jicriods of 
charging and discharging. In other words, 
most of the nitric oxide has the same source 
as the major part of the nitrogen found 
in coal gas. It is a well-known fact that 
one of the minor combustion jiroducts re¬ 
sulting from the burning of gas, especially 
when the flame temperature is high, is 
nitric oxide, so that inleakage of combus¬ 
tion gas for any reason at all will carry 
some nitric oxide into the coal gas. An 
obvious method for decreasing' the nitric 
oxide content of coal gas is, therefore, to 
prevent as much as possible inleakage of 
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flue gas and air to the carbonizing cham¬ 
ber. 

The literature on nitric oxide in coal gas 
and other manufactured gas during the last 
ten years or more has been most extensive. 
This literature covers the reactions of nitric 
oxide to form nitrogenous gum, properties 
of the gum, methods for the analytical de¬ 
termination of nitric oxide in gas, and de¬ 
scriptions of various processes to remove 
nitric oxide or otherwise counteract its 
tendency to form gum. Only a few se¬ 
lected references are given here.-®* 

Methane and Other Paraffin Hydrocar- 
bans. Next to hydrogen, methane is the 
most Jibundant constituent of coal gas on 
a volume percentage basis. In commercial 
coal gas the usual amount present lies be¬ 
tween 25 and 30 percent by volume, or 
slightly below or above this range. 

From a heating-value standpoint, the 
methane is by far the most valuable com- 
])onent of the gas since approximately one- 
half of the heating value of coal gas is 
contributed by this constituent. It is evi¬ 
dent that the combustion jirojicrties of 
coal gas are markedly affected by the jires- 
ence of the methane. 

When coal is carbonized at low tempera¬ 
tures, the methane content of the gas is 
higher than in gas from commercial high- 
temperature carbonization. In fact, when 
the carbonization temiierature is quite low, 

iin Schuftan, P., Von den KohUn utid dvn Min- 
eralolen, Vorlag Cl^'niJo, Ilerlin, Vol. I, pp. 198, 
205-8, 1928; Ht'Hragv ::ur Kenntnin dvr Kohle, 
Vorlag (aiernie. Berlin, Vol. II, pp. 31-40, 1929; 
Z. angew. Chrm., 42, 757-00 (1929). Jordan, 
C. W., Ward, A. L., and Fnlweller, W. H„ Jnd. 
Eng. Chem., 26, 947-55, 1028-38 (1934), 27, 
1180-90 (1935). Shively. W. L., and Harlow, 
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such as 500“ C, the volume percentage of 
methane in the gas may be considerably 
higher than the percentage of hydrogen. 
As pointed out earlier, this is because me¬ 
thane is one of the primary products of 
distillation of coal. When the primary 
coal gas passes through hot coke and over 
hot heating walls, as it does in ordinary 
high-1 cmperature carbonization, a portion 
of the methane is decomposed into hydro¬ 
gen, thereby decreasing the methane con¬ 
tent and increasing the content of hydro¬ 
gen. 

Methane is a so-called permanent gas 
and i.« insoluble and nonreactive through¬ 
out the gas-treatment system of the plant, 
and therefore has no significance from this 
standpoint. 

The sP(‘ond member of the paraffin hy¬ 
drocarbon series, ethane, is also a coa^tit- 
uent of coal ga'^, i)ut it i.s always present 
in much smaller quantities than methane. 
As indicated earlier, it is very common 
practice in gas anahvih not to determine 
the ethane separately but to include it with 
the methane on the basis of one mole of 
ethane being the equivalent of two moles 
of methane; this practice, of course, is not 
strictly correct, but for all practical pur¬ 
poses the error n so slight that it may be 
neglec’ted. In ordinary high-tem])eratiire 
coal gas the ethane content is usually lie- 
twwii 1.0 and 2.0 jiercent by volume. 
Under low temperatures of carbonization 
the ethane content is much higher, varying 
from 3.0 percent in the higher temperature 
range to as much as 15 percent when the 
carbonization temperature i.s as low as 
500“ C. 

Like methane, ethane is one of the pri¬ 
mary products of coal distillation, and its 
reactions in the hotter zones of the car¬ 
bonizing chamber are quite similar to those 
of methane. In respect to its nonreactivity 
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throughout the gas-treatment system, 
ethane resembles methane. 

The paraffin hydrocarbons above ethane 
are found in coal gas, but the quantities 
present become less and less as the series 
increases. Propane and the butanes are 
very seldom determined as such, and then 
only by some low-temperature fractional 
distillation method. Reference to Table II 
shows that projiane occurs to the extent of 
about 0.1 jiercent and the butanes about 
0.03 percent by volume in coke-oven gas. 
The low-temperatiire-carbonization gas in 
Table ITT shows much higher percentages: 
1.33 percent of propane, 0.28 percent nor¬ 
mal butane, and 0.00 percent isobutane. 
Owing to the low content and the absence 
of any significant effect on gas treatment, 
distribution, or use, propane and the bu¬ 
tanes are of only academic interest in com¬ 
mercial coal gas. 

Paraffin hydrocarbons above the butanes, 
say from pentane, to decane, 

Cu)Ho 2 , are known to exist in coal gas, but 
no systematic study has ever been made 
of the actual (luantities of each hydrocar¬ 
bon present. That the.se higher jiaraftin 
hydrocarbon.^ occur in coal gas is shown by 
the fact that nearly all of them have been 
identified as coastituents of coal tar.*^^ 

The practical importance of the higher 
paraffin hydrocarbons in coal gas arises 
from the fact that they are absorbed from 
the gas along with the aromatic hydro¬ 
carbons in the recovery of light oil. In 
the separation of jnire lienzene, toluene, 
xylenes, etc., by distillation, the paraffins 
distil over in the same boiling ranges and 
thereby contaminate the pure light-oil 
products. This subject is di.scussed in more 
detail in the chapter on light-oil recovery 
from coal gas. 

81 Ijimpre. O., Coal Tar and Ammonia, nth etl., 
D. Vnn Nostrand Co., N<*w York, 1916, Part I 
((’onl Tnr), i»p. 207-11. 


An approximation of the quantity of 
higher paraffins in coal gas can be ob¬ 
tained from the paraffin content of light-oil 
fractions. However, considerable care 
must be used in interpreting these figures, 
since the wash oil u.sed for the absorption 
of the light oil is itself a heavy paraffin 
oil (at least in America) and some of this 
wash oil distib over with the recovered 
crude light oil absorbed from the gas. Ap- 
])lication of this approximate method to 
average figures for paraffin content of light 
oil indicates that (*oal gas from ordinary 
high-tem])erature carbonization contains 
about 0.01 percent by volume of the 
higher iiarafHn hydrocarbons. 

Ethylene and Other Olefin Hydrocarbons. 
In the ordinary .system of gas analysis, this 
series of hydrocarbons is included in the 
“illuminants” along with aromatic hydro¬ 
carbons, etc. Separate determination of 
the various olefin hydrocarbons is therefore 
obtained only by special methods, such a> 
low-temperature distillation. 

Ethylene, G 2 H 4 , is the most abundant 
of the olefins in coal gas. Talile II i-hows 
that the (|uantity in that particular samjile 
of coke-()\en ga^ was ‘J.oO percent—jirol)- 
ably a tyincal a\erage figiin*. Ethyleiu* in 
coal gas IS rapidly decomiioM'd into me¬ 
thane and carbon .at lemper.atures a))ov(‘ 
6 (X)'’r, and this may be catalyzed by iron 
oxide, etc However, in coal-gas retorts 
and ovens the gas is removial raindly 
enough from the hot zon(‘ and cooled below* 
this temiierature to jireveiit atlamment of 
equilibrium at the higher tenqierature.'^- 

Although the amount of etliyhaie in co.al 
gas is not large, this constituent contrib- 
ute.s apjireciably to the heating value since 
its heat of combustion on a volume basis is 
finite high. Since ethylene burns w’lth a 

UrookH, B. T., The Non Bvnxvnoid Jlydro- 
carbona, (’hemicul ('iitalog Co,, New York, 1922, 
p. 33. 
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very luminous flame, it is one of those 
compounds in gas that makes the coal-gas 
flame luminous when primary air is not 
added to the gas before the burner, and 
therefore it is included in the group of 
compounds called ^^illuminants/' 

In coal-gas manufacture, ethylene is one 
of the permanent gases and has no efTe(;t 
on, nor is it affected by, the treatment 
processes in the plant. Mention will be 
made in another chai)ter of si)ecial proc¬ 
esses that have been proi)()sed or used for 
the removal of ethylene from coal gas, 
thereby converting it into ethanol or other 
useful i)roducts. 

The second member of the olefin series, 
})roj)yleue or propene, also occurs 

in coal gas but in considerably smaller 
amounts than ethylene. An average figure 
for commercial coal gas is about 0.3 per¬ 
cent. 

The butylenes or butenes, C 4 ITS, are 
found in coal gas, but, as would be ex- 
l)ected, the (|uantities are even less than 
for pro])ylene. The figure of 0.1 S ])ercent 
given in Table II is probably tyj)ical. 

Acctulcnc Ilydrocarhona. Some of the 
lower members of thi> >erie^ of hydrocar¬ 
bons are i)resent in coal gas from high- 
temi)erature carbonization but api)arently 
are absent in coal gas made at lower tem- 
])eratures. The coke-oven gas shown in 
Table 11 contained 0.05 j)ercent of acety¬ 
lene, and probably allylene and crotonylene 
were also present but in such minute quan¬ 
tities that they could not be detected. 
llarzer ’*=‘ claimed that in addition to acet¬ 
ylene, C’mIIo, he had detected in coal gas not 
only allylene, and crotonylene, C 4 H,., 

but also various other higher members of 
the acetylene series. He gave no quantita¬ 
tive results. In the ordinary method of gas 
analysis, acetylene and its derivatives are 
included in the “illuminants.” 

33 Harzer, A.. J. Gatthvtcuchi.. :i7, 022 (lin41. 


Because of the very small amounts pres¬ 
ent, and the lack of any significant reac¬ 
tions in the treatment of gas, acetylene is 
considered one of the minor constituents. 
Years ago, when the candle-power standard 
for gas was in effect, acetylene undoubt¬ 
edly contributed to a significant extent to 
the luminous quality of the flame, but the 
candle-power standard has now been al¬ 
most completely replaced by the heating- 
value standard. 

Aromatic Hydrocarhom. The aromatic 
hydrocarbons, and particularly benzene 
and its homologs, are among the most im- 
portant constituents of coal gas. Although 
collectively they comprise 1 percent or less 
by volume of the coal gas, they account 
for about 5 percent of the heating value. 

However, the economic importance of 
these hvdrocarbons does not dei)end pri¬ 
marily on their contribution to the heating 
value of the gas, but does become of great 
significance when the vapors are scrubbed 
out of the gas to recover “light oil.” Since 
the recovery of light oil is one of the most 
important treatments to which coal gas is 
.subjected, Chapter 2S of this book is de¬ 
voted to the subject. For this reason, the 
l)re.'<ent description of the aromatic hydro¬ 
carbons will be very sketchy, and refer¬ 
ence should be made to the chapter on 
light oils for more detailed information. 

It .should be pointed out that, although 
all the aromatic hydrocarbons in coal gas 
come out in the light oil in a more or le.ss 
complete condition of recovery, light oil 
is not completely composed of aromatics. 
However, since an avenige light oil will 
contain apj^roximately 85 percent of aro¬ 
matic hydrocarbons, it i)rovides a good 
basis on which to estimate the amount of 
the various hydrocarbons present in coal 
gas. 

The yield and composition of light oil 
vary over a wide range, depending mostly 
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on carbonizing conditions. The composi¬ 
tion and yield of crude light oil from coke- 
oven gas shown in Table VI is quite typical 
of many plants.^ 

TABLE VI 


Composition and Yield of Light Oil * 


Component 

Yield, 
gallons per 
ton of coal 

Pure benzene 

1.S5 

Pure toluene 

0.45 

Xylenes and light solvent naphtha 

0.30 

Unsaturated hydrocarbons, etc. 

0.16 

Heavy hydrocarl ions and najihtha- 
lene 

0.24 

Wash oil 

0.20 

Total crude light oil 

3.20 


Benzene is the most abundant of the 
aromatics in coal gas. If the figure in 
Table VI is considered to represent 90 per¬ 
cent of the benzene in the gas (the re¬ 
maining 10 percent jiastsing on with the 
debenzolized gas) and the gas yield is con¬ 
sidered as 11,000 cubic feet jier ton of 
coal, the percentage by volume of benzene 
vapor in the coal gas is 0.60. On the same 
basis toluene vapor is present to the extent 
of 0.13 percent by volume. The yield of 
pure xylenes averages about 0.20 gallon per 
ton of coal under commercial conditions. 
The content of xylene vapor in coal gas is 
therefore about 0.05 percent by volume. 

No satisfactory quantitative study has 
ever been made of the benzene-ring hydro¬ 
carbons heavier than the xylenes. They 
are included, along with other types of 
compounds, in the commercial fractions of 
light oil known as “light solvent naphtha” 
and “heavy solvent naphtha.” The com¬ 
bined quantity of these hydrocarbons re¬ 
covered is approximately 0.20 gallon per 
ton of coal; or about 0.05 percent by vol¬ 


ume of the vapors is present in coal gas 
made in normal commercial practice. 

Naphthalene and its homologs are pres¬ 
ent in coal gas that has been subjected to 
average condensation conditions in an 
amount equal to about 0.02 percent by vol¬ 
ume. This refers, of c*ourse, to normal 
high-temperature carbonization of coal, as 
do all the estimated figures given above. 
In low-temperature-carbonization gas, 
naphthalene is absent. The presence of 
naphthalene in coal gas is of considerable 
significance in connection with coal-gas 
manufacture and distribution, since it is a 
solid material that easily condenses in gas 
pipe-lines, causing stoppages. 

Table VH summarizes the tyiiical aver¬ 
age quantities of the aromatic hydrocar- 

TABLE VII 

Amoitnts of Aromatk’ Hydrocarbons 
IN Coal Gas 

Percent 
by \’olume 

Component in (kial Gas 

Benzene 0.66 

Toluene 0.13 

Xylenes 0.05 

Ethylbenzene 
Propylbenzene 
ilthyltoluene 
Pseudocumene 

Mesitylene * 

Hemimellitene 

Cymene 

Durene 

Naphthalene I ^ 

Methylnaphthalenas ( 

Total aromatic hydrocarbons 0.91 

bons jiresent in nonnal coal gas. In the 
ordinary methods of gius analysis, the 
aromatic hydrocarbons are included in the 
“illiiminants.” 

Miscellaneous Unsaturated Hydrocar¬ 
bons. Although there are undoubtedly an 
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extremely large number of unsaturated hy¬ 
drocarbons in coal gas, only four, other 
than the members of the olefin and acety¬ 
lene series, are important enough to de¬ 
serve mention. They are butadiene, cyclo- 
pentadiene, styrene, and indene. All are 
included in the “illuminants” in the ordi¬ 
nary methods of gas analysis. 

Some tests made in England on the buta¬ 
diene content of coal gas from horizontal 
retorts and coke ovens indicate the pre.s- 
ence of 0.0()5 to 0.01 percent by voliime.*'^ 
Some unpublished results obtained from 
coke-oven gas in this country have shown 
0.02 percent by volume. Probably the 
only fact of any great importance regard¬ 
ing the presence of this hydrocarbon is its 
tendency, in common with other conjugated 
dienes, to react with nitric oxide and oxy¬ 
gen to form nitrogenous or ‘Vapor-phase” 
gum in gas distribution systems (see nitric 
oxide, page 036). Because of its high 
vapor pressure, butadiene is not recovered 
with the light oil to any ajipreciable ex¬ 
tent. 

Cyclopentadiene, on the other hand, has 
a vapor pressure sufficiently low to cause 
its jiartial removal from coal gas in the 
recovery of light oil. Since its boiling jiomt 
IS 42“ C, the cyclopentadiene comes over in 
the “forerunnings” fraction in the distilla¬ 
tion of crude light oil. After recovery in 
the form of a liquid, the cyclopentadiene, 
has a pronounced tendency to pol¬ 
ymerize to the dimer, dicyclopentadiene, 
C 10 H 12 . This is discussed in more detail 
in the chapter on recovery of light oil from 
coal gas. (See Chapter 28.) • 

Some tests of cnide light oil in France 
showed the recovery of 15 to 20 kilograms 
of cyclopentadiene (dimer) from 300,000 

34 Goudorliiuu, W. J., J. Sue. C/iem. Ind., 50, 
(1937). 


cubic meters of coke-oven gas,®® equivalent 
to about 0.002 percent by volume in the 
gas. Some unpublished results obtained 
from coke-oven gas in this country have 
shown recovery equivalent to about 0.004 
percent by volume in the gas. Assuming 
that one-half of this hydrocarbon in the 
gas is recovered along with the light oil, 
the cyclopentadiene content of coal gas 
may be estimated at 0.006 percent by vol- 
lune. 

Like butadiene, the cyclopentadiene may 
enter into the formation of nitrogenous 
gum in gas-distribution systems. Another 
significant fact concerning cyclopentadiene 
is that it may be recovered from the light- 
oil forerunnings as a useful byproduct of 
coal carbonization. 

Styrene and indene are two hydrocar¬ 
bons that can be discussed more or less 
together since they are quite similar in 
certain behaviors that make them of inter¬ 
est to the ga« industry. Both are liquids, 
styrene boiling at 145“ C and indene at 
178“ C. They are more or less completely 
removed from coal gas in the recovery of 
light oil. On distillation of the light oil, 
.styrene apjiears (‘hiefly in the light solvent 
naphtha fraction and indene in the heavy 
.solvent naphtha. 

The presence of these hydrocarbons in 
manufactured gas first attracted attention 
by their tendency to polymerize and form 
“liquid-phase” gum in distribution systems, 
when they condensed from the gas as “drip 
oil” or condensate.®® However, this trou¬ 
ble is confined almost entirely to carbu- 
retted water gas, since coal gas is relatively 
dry as far as condensation of oil is con¬ 
cerned. 

s.'i Ilorclois, 11., Chimie rf induatrie, Sperinl 
No., 3,17-03, April, 1934. 

36 Brown, K. L.. Pruv. Am. Qas Assoc., 1924, 
1,353-411. 
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The chief importance of these hydrocar¬ 
bons in coal gas lies in their usefulness as 
byproducts. When the proper light-oil 
fractions containing them are subjected to 
a catalyst, generally concentrated sulfuric 
acid, rapid polymerization takes place, and, 
after the unpolymerized hydrocarbons are 
distilled off, resinous substances remain.*^ 
The styrene and indene resins, together 
with coumarone resins mentioned later, 
constitute important commercial materials. 
Furthermore, these hydrocarbons, espe¬ 
cially styrene, are used in combination with 
other substances to make many of the 
modern types of synthetic plastics. 

Tests on coal gas from various sources 
show styrene contents ranging from 0.002 
to 0.006 percent by volume, and indene 
contents ranging from 0.004 to 0.013 ])er- 
cent by volume.^” 

Oxygen Compounds. In Table V, several 
organic oxygen compounds are listed as be¬ 
ing present in coal gas. The first three, 
phenol, cresols, and xylenols, are homology 
of one another and are often referred to 
jointly as ^Tar acids.The fourth com¬ 
pound, coumarone, has nothing in common 
with the tar acids, other than the fact that 
it happens to be an organic oxygen com¬ 
pound. Phenol, the cresols, and the xyle¬ 
nols have little significance as constituents 
of coal gas proper. On the other hand, 
they are very important constituents of 
coal tar and also of the ammonia li(|Uor 
condensed from hot coal gas, and they are 
discussed in some detail in chapters deal¬ 
ing with those subjects. 

Since the tar acids have very low vapor 
pressure and are quite soluble in tar oils 
and also in water, they are removed from 
the gaseous ])hase very rai)idly during con¬ 
densation and cooling of the coal gas. 

37 Ellis, C., The Chemistry of Synthetic Resins, 
Vol. I, Reinhold Publishing Corp., New York, 
1935, 829 pp. 


Some unpublished tests on coke-oven gas 
show 0.006 percent by volume of tar acids 
present in the gas before the final coolers; 
after the direct final coolers, the content 
of tar acids in the gas was only 0.0004 per¬ 
cent by volume. 

Coumarone is usually discussed in con¬ 
nection with styrene and indene, since it 
possesses similar properties of forming res¬ 
ins or gums. Like styrene and indene, 
coumarone is largely removed from the gas 
along with the light oil and api)ears in the 
solvent najdith/i fraction on distillation. 
Resins are produced from coumarone in 
much the same manner as from styrene 
and indene.'*^ Very little information is 
available on the quantity of coumarone 
present in coal gas before removal of the 
light oil, but it is al)out of the same order 
of magnitude as the styrene and indene 
content. 

Nitrogen Compounds. By far the most 
imjwrtant nitrogen com])ound of coal gas 
is ammonia. Hydrocyanic acid is also of 
considerable interest. Several organic coni- 
jK)unds of nitrogen are likewise pres(‘nt in 
coal gas, although they are of rather sec¬ 
ondary inqiortance from the staniljioint of 
gas treatment and use, and th(‘ recovery of 
byjiroducts. 

The umnioiiia recovered from coal ga^ 
was long the chief commercial source of 
ammonia and its comiiounds. This situa¬ 
tion changed ()Uite decidedly ujioii the de¬ 
velopment of improved jirocesses for the 
synthe.sis of ammonia from nitrogen and 
hydrogen, but byjiniduct ammonia from 
coal carbonization ])lants still remains an 
important commercial commodity. 

It should lie emphasized that ammonia 
is removed from coal gas not only as a 
recovery of a useful byjiroduct but also be¬ 
cause the iireseiice of large amounts of am¬ 
monia in gas distributed for city use has 
a deleterious effect on parts of the distri- 
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bution system and appliances, especially 
brass parts of meters and other fixtures 
with which the gas comes in contact and 
also leather meter diaphragms.^® For this 
reason many states require that the am¬ 
monia content of gas for city use shall not 
exceed 0.016 or 0.031 percent by volume, 
which means that 97 percent or more of 
the ammonia originally present in the 
crude coal gas must be removed simply to 
conform to state regulations, and entirely 
aside from the recovery of a byproduct. 

In the usual high-temperature carboniza¬ 
tion of coal, ai)pn)ximately 15 to 20 per¬ 
cent of the nitrogen of the coal ai)i)ears in 
the crude coal gas as animonia. An aver¬ 
age figure would be 5.5 pounds of ammonia 
I)er ton of coal or about 0.5 ])ound per 
1,(X)0 cul)ic feet of coal gas. This eorre- 
si)onds to 1.1 percent by volume of the 
crude coal gas. The various factors af¬ 
fecting the ammonia yield, such as type 
of coal, temperature of carbonization, and 
steaming of the charge, have* l)een dis¬ 
cussed m other chapters. 

Because ammonia is very soluble in 
water it begins to leave the gas as soon as 
the crude coal gas comes into contact with 
water or condensation of water from the 
gas occurs. Not only does it occur in this 
water as free ammonia, but also rather 
loosely combined with weak acids, as carbon 
dioxide, hydrogen sulfide, and hydrocyanic 
acid, and also as “fixed ammonia," that is, 
ainmoniiiin chloride, etc. This ammoniacal 
water, known as “weak ammonia liquor," is 
discussed in some detail in Chajiter 27. 
Rather comiirehensive treatments of the 
subject are also given in all books on gas 
manufacture.- ® 

Hydrocyanic acid occurs in all high- 
temperature-carbonization coal gas, being 
chiefly a secondary product resulting from 
the reaction between ammonia in the gas 
aiul the hot carbon in the retort or oven. 


In the gas industry, this compound is often 
rather loosely referred to as ^^.yanogen.^* 

The amount of hydrocyanic acid present 
in the crude coal gas varies from 0.10 to 
0.25 percent by volume. Like ammonia, 
although quantitatively to a lesser extent, 
hydrocyanic acid is soluble in water, so 
that the content of this compound in the 
gas continuously decreases through the gas- 
treatment system as the gas comes into con¬ 
tact with water or as water condenses from 
the gas. Although the compound dissolves 
in the animonia liquor condensate as a cy¬ 
anide, it very readily changes into a thio¬ 
cyanate as a reaction product with sulfur 
compounds, and it is mostly found in this 
form. 

Aside from the incidental removal of hy¬ 
drocyanic acid in the condensate and scrub¬ 
bing water with which the gas may come in 
contact during treatment in the plant, the 
removal of this compound is not universally 
practiced by any means. However, a very 
considerable decrease in the hydrocyanic 
acid content of the gas usually occurs coin¬ 
cident with the removal of hydrogen sulfide. 
With the iron oxide system of purification 
the decrease in hydrocyanic acid content 
may be only a minor proportion, but with 
liquid purification processes, the removal 
may be 90 percent or more. This is dis¬ 
cussed ill detail in Chapter 26 on the re¬ 
moval of sulfur comiKiunds from coal gas. 
In Chapter 27, describing the removal of 
nitrogen comiiounds from coal gas, the com¬ 
mercial jirocesses for the recovery of cyano¬ 
gen compounds as useful byproducts are 
discussed. 

From the above it may be seen that the 
hydrocjanic acid content of the treated 
coal gas, ready for distribution to a city, 
may vary from an extremely small amount 
to an amount but little lower than that in 
the crude coal gas. The chief deleterious 
elTect of this compound in the distributed 
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gas is its tendency to contribute to certain 
types of corrosion in the gas mains and 
customer appliances. Although the hydro¬ 
cyanic acid does not appear to initiate cor¬ 
rosion, it contributes to the effect in com¬ 
bination with oxygen, sulfur compounds, 
etc.®® 

Other than hydrocyanic acid, extremely 
small amounts of other cyanogen com¬ 
pounds are presumed to be present in coal 
gas. Among these might be mentioned 
cyanogen, CaN^,, and acetonitrile, CH 3 CN. 
No conclusive study has been made of these 
compounds in coal gas, this being a good 
subject for future investigation. 

The most important organic nitrogen 
constituents of coal gas are pyridine and 
its various homologs, such as the picolines 
and lutidines. Although not found in large 
quantities in coal gas, nevertheless this has 
been an imi^ortant source of these com¬ 
pounds, and very recently new uses for 
these organic bases have revived interest in 
their recovery. 

A typical figure for the content of total 
pyridine ha.ses m raw coal gas is 0,014 
pound i)er 1,000 cubic feet of gas.®® How¬ 
ever, about 40 ])ercent of this material con¬ 
denses out with the tar, so that the pyri¬ 
dine content of the gas just before the 
ammonia scrubbers or saturators would be 
about 0.00(S ])ound per 1,0(X) cubic feet. 
This is equivalent to about 0 004 iiercent 
by volume. In the recovery of ammonia 
from the gas some of the pyridine is ab¬ 
sorbed and constitutes an impurity of the 
aqua ammonia or the ammonium sulfate. 
Of the total pyridine bases in the gas usu¬ 
ally 70 jiercent or less is pyridine, the re¬ 
mainder being a mixture of various other 

3H Murphy, E. J., Oan Agcj 84, No. 11, 23-7 
(193») ; Am. Gan J., 151, No. 6, 9-13, 41 (1940). 

»» Klonipt. W., and Rcibor, R., Chem. Fabrik, 
13, 65-84 (1940). 


bases, such as the picolines, which have 
higher boiling points than pyridine. 

Methods for recovery of the pyridine 
bases from coal gas are described in Chap¬ 
ter 27. 

Stdfur Compoufids. Since coal always 
contains sulfur, coal gas as it leaves the 
carbonizing chamber is never free of sulfur 
comiiounds. Furthermore, the amount of 
sulfur coniixninds in the gas is roughly pro¬ 
portional to the sulfur contained in the coal. 
Detailed references to the forms of sulfur 
in coal and the reactions leading to sulfur 
compounds in the gas are given in Chap¬ 
ter 26. 

Nearly all, usually well over 95 |)ercent, 
of the sulfur in the raw coal gas is in the 
form of hydrogen sulfide. Most of the re¬ 
mainder is present as carbon disulfide. 
Other sulfur compounds are found in coal 
gas in only minute quantities, and jirobably 
even these are not always i)resent. 

Depending largely on the sulfur content 
of the coal being carbonized, the hydrogen 
sulfide in raw coal gas will vary from 0.3 to 
3.0 i)ercent by volume, but 0.6 percent by 
volume is typical and rei>resentative of 
nuKst commercial coal gas. Although hy¬ 
drogen sulfide IS a gas and not a condens¬ 
able vaj)or, it is soluble to some extent in 
the condensed ammonia licpior. However, 
on distillation of the ammonia iKjuor the 
hydrogen sulfide is evolved and thence 
often returns to the gas stream. Usually, 
therefore, except in the indirect system of 
ammonia recovery, li)'drogen sulfide is not 
removed in the condensation system of the 
plant. 

Where gas is distributed for city use, 
practically all the hydrogen sulfide must be 
removed before the gas leaves the iilant. 
Regulations in most states call for a maxi¬ 
mum of about 0.0005 jiercent by volume or 
less ill the purified gas. Even coal gas that 
is not distributed for city use is sometimes 
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purified of hydrogen sulfide, at least to 
some extent. 

This necessity for removal has encour¬ 
aged the development of many processes 
for purifying gas of its hydrogen sulfide 
content. Some of these processes simply 
remove the impurity from the gas with no 
attempt at recovery, but the newer ones 
not only remove the hydrogen sulfide but 
also secure the recovery of the sulfur in 
some economically useful form. This sub¬ 
ject is so imi)ortant that it is discussed in 
considerable detail in Chapter 2fi. 

Carbon disulfide occurs in raw coal gas in 
amounts ranging from 0.007 to 0.07 percent 
by volume, the quantity being largely de¬ 
pendent on the sulfur content of the coal 
and the conditions of carbonization. A 
tyjiical figure for carbon disulfide in raw 
coal gas is 0.015 percent by volume. When 
coal is carbonized in coke ovens, the total 
organic sulfur ])resent in the raw coal gas 
accounts for 1.0 to 1.8 percent of the sulfur 
jiresent in the coal charged to the ovens.’*^' 

The origin of the carbon disulfide in coal 
ga.s has been extensively investigated by 
Huff and Holtz.*” Their exjilanation is 
that hydrogen sulfide jiassing over the hot 
carbon in the carbonizing chamber first 
forms a carbon-.^ulfur comiilex on the sur¬ 
face of the carbon, and, after this comiilex 
has reached a .sufficient concentration, the 
sulfur is volatilized into the stream of coal 
gas in the form of carbon disulfide. 

Since carbon disulfide is a vapor, a por¬ 
tion is removed from the coal gas in con¬ 
nection with the removal of light oil. The 
percentage so removed varies with the con¬ 
ditions in the light-oil scrubbers, but usu- 

40 Brynch, (>. P., and Byruo, ,1. F., Prov. Am. 
OitH Ahhov., 1»37, 1463-71. 

41 Huff, W. J., Ind. Eng. Chcm., 18. 357-01 
U320). HoUk, J. C., Origin and Decomposition 
oj Organic Sulfur Compounds under (las Mak¬ 
ing Conditions, Johns Hopkins ITniv. Prpss, Bal¬ 
timore, M(l., 1930, 83 pp. 


ally a very considerable proportion is taken 
from the gas at this point. Therefore, 
where light-oil removal is practiced, the 
carbon disulfide content of the coal gas 
leaving the plant will be very substantially 
less than the figures mentioned previously 
for raw coal gas. 

Special processes for the specific removal 
of organic sulfur and more iiarticularly 
carbon disulfide have been installed in a 
few coal-gas plants, although the operation 
today is a rather rare exception in America. 
In England removal of organic sulfur is 
much more common. A description of 
these processes is also given in Chapter 26 
of this book. 

The chief objection to the presence of 
carbon di.sulfide and other organic sulfur 
compounds in gas is the fact that sulfur 
dioxide is produced on combustion of the 
gas, which may cause corrosion of metals, 
etc. State regulations often restrict the 
content, of organic sulfur in gas distributed 
for city use to 0.025 percent by volume, 
calculated as volume of carbon di.<ulfide. 

Other than carbon disulfide, organic sul¬ 
fur compounds in coal gas are of little im¬ 
portance. As a matter of fact, only one 
or two thorough investigations have been 
made of the.se minor sulfur compounds. In. 
England a rather comprehen.Mve study w^as 
made in connection with the development 
of processes to remove organic sulfur from 
coal gas.^^ In mixed coal gas from vertical 
and inclined retorts, the following amounts 
of organic sulfur compounds were found, 
expressed as grains of sulfur per 100 cubic 
feet of gas: mercaptan, 1.8; thiophene, 6.1; 
carbon disulfide, 18.7; volatile sulfur com¬ 
pounds, 5.4; total, 32.0. 

Assuming that the '‘volatile sulfur com¬ 
pounds'^ repre.sent carbon oxysulfide, the 
following figures give the percent by vol- 

42 H., Hutchison. W. K., and Griffith, 

R. H., Gas J., 220, 475-85 (1937). 
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ume of each compound in this particular 
gas: mercaplans, 0.003; thiophene, 0.010; 
carbon disulfide, 0.016; carbon oxysulfide, 
0.009. 

Mercaptans in gas denote a lower range 
of carbonization temperatures, and usually 
they are not present in detectable quan¬ 
tities in coke-oven gas produced at higher 
temperatures. 

Thioi)hene, because of its relatively low 
vapor i)ressure (al)out the same as ben¬ 
zene), is largely removed with the light oil 
and on distillation remains in the benzene 
fraction. liecause of this fact, it is often an 
undesirable imi)urity in light oil, and meth¬ 
ods have been developed for its removal 
from light oil. (See Chapter 28.) 


Carbon oxysulfide, COS, is probably pres¬ 
ent in all high-temperature coal gas to some 
extent, at least. Very little information is 
available regarding this compound in coal 
gas, so that an almost virgin field of re¬ 
search is open on the subject. 

Various sulfides and disulfides are also 
presumably in coal gas, but again the sub¬ 
ject has been but su])erficially investigated. 
As a matter of fact, the entire .subject of 
the minor organic sulfur comi)ounds of coal 
gas should be thoroughly gone into, since 
this information is of more than ordinary 
importance in connection with the develoj)- 
ment of proce.sses to remove organic sulfur 
from gas. 



CHAPTER 26 


REMOVAL OF SULFUR COMPOUNDS FROM COAL GAS 
Herbert A. Gollmar 

Koppcrs Company, Pittsburgh, Pennsylvania 


All coinnuTcial coal gatHOs contain sulfur 
compounds, since all commercial coals used 
for coal-gas manufacture contain significant 
fjuantitics of sulfur. The following sulfur 
compouiKls have been identified in coal 
gas:^'-- '* (1) hydrogen sulfide, H 2 S; (2) 
carbon disulfide, ('S 2 ; (3) thiophene, 

C 4 II 4 S, and its homologs, mainly methyl 
thiojihenes, • C (4) carbon oxy- 

sultide, or carbonyl sulfide, COS; (5) mer- 
captans or thiols, mainly ethyl mercap¬ 
tan, -llS, and methyl mercaptan, 

Clb{ • IIS; (fi) thio ethers, such as dimethyl 
sulfide, ('Ib{ • S • CIT;,; and (7) disulfides, 
Mich as methyl diMilfide, • S • S • CH.-j. 

Hydrogen sultide is the princij)al sulfur 
comiumnd ])resent in coal gas. Usually 
around fiO to tin jiercent of the total sulfur 
in coal ga> i> in this form. 

The gas industry uses the term “organic 
sulfur” to designate all Milfur comjKmnds 
other than hydrogen sulfide that are pres¬ 
ent in coal gas. “Organic sulfur” has been 
used synonj'inously with carbon disulfide, 

1 llutchin.soii, W. K., Gas J., 3S30, 47l>-Sn 

Ildllinjrs, II.. Ilutcliiiisoii. W. K., ami 
(Irimili, R. II., Inst. Gas Engrs., Commun. 175 
(1987). (t4 pp. 

2 Huff, W, .7., Proc. 2nd Iniern. Conf. Bitumi¬ 
nous Coal, 2, 814-25 (1928). Bakoa, W. E., King. 
J. (}., and Sinnutt, F. S., Dept. 8ci. Ind. Ke- 
svarrh (Hril.), Fitvl Rvsvarch Tech. Paper 31 
(1931), 35 pp. 

3 King, 11. S., and Maddock, F. B., Can. 
Chem. Process Ind., 23, 3-4 (1030). 


although it is not strictly correct to do so. 
AlxMit two-thirds of the '^organic sulfur” is 
in the form of carbon disulfide. Thiophenes 
occur in only small concentrations and are 
of importance mainly because they accom- 
jiaiiy and contaminate the benzol and the 
toluol recovered from cojil gas. For more 
information on these comjiounds, reference 
should be made to Chapter 28. The other 
sulfur compounds also occur in very small 
concentrations. Usually, the '^organic sul¬ 
fur” compounds are of importance only 
when a giis of very low sulfur content is 
desired or when coals of high sulfur con¬ 
tents are used. 

The jirescnce of hydrogen .sulfide and 
other sulfur compounds in gas is objection¬ 
able for varioiLs reasons. Hydrogen sulfide 
caiLses drip-water to be corrosive, and it is 
also corrosive to metal devices in smaller 
gas meters and other equipment for han¬ 
dling gas. The jiroducts of combustion of 
ga.s in which there are sulfur compounds 
contain sulfur dioxide and sulfur trioxide, 
compounds that have a disagreeable odor 
and are corrosive. 

The early processes for removing sulfur 
compounds from gas were entirely for the 
jmrpose of eliminating the odor in the prod¬ 
ucts of combustion. Little thought was 
given to the recovery of the sulfur itself. 
The sulfur-containing waste material was 
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later found to have value depending upon 
its sulfur content. Where the price level 
of sulfur was sufficiently high, or where 
waste disposal was sufficiently expensive, 
recovery of the sulfur in some form has 
been practiced. 

In recent years, more extensive work has 
been done on different methods for both re¬ 
moving and utilizing the hydrogen sulfide 
and other sulfur compounds. Sulfur com¬ 
pounds have been utilized principally by 
conversion to elemental sulfur of value for 
fungicidal and chemical purposes, by the 
recovery of jnire hydrogen sulfide for chemi¬ 
cal uses, and by the conversion of the sulfur 
together with the ammonia also present in 
coal gas to ammonium sulfate or similar 
compounds of commercial value. Details 
of these developments arc discussed later. 

Sources and Amounts of Sulfi^r 
Compounds in Coal Gas 

The sulfur present in coal gas, of course, 
comes from the sulfur compounds in the 
coal that is carbonized. The amount and 
distribution of the various gaseous sulfur 
compounds formed during carbonization 
depend on several factors, such as: (1) 
ty]>es and amounts of sulfur compounds in 
the original coal; (2) characteristics of the 
ash content of the coal; and (3) conditions 
during carbonization, such as moisture con¬ 
tent, temperature, amount and time of con¬ 
tact between the gases and the hot coke, 
the length of time the gases remain inside 
the coking chamber, and the types of other 
compounds present in the coal gas. Various 
investigations have been made in an at¬ 
tempt to correlate the types of sulfur in the 
coal with the amounts and types of sulfur 
in the gas, but, becaase of the number of 
factors involved, the work merely confirms 
the complexity of the subject. 

Actual operating results in coke ovens 


and gas retorts that have been reported ® 
indicate that: (1) from 50 to 65 percent of 
the sulfur that is present in the coal is re¬ 
tained by the coke, though the percentage 
may be still higher; (2) from 25 to 30 per¬ 
cent of the sulfur forms hydrogen sulfide, 
H^S, in the gas; and (3) from 1.0 to 1.5 
percent of the sulfur forms carbon disul¬ 
fide and other “organic sulfur^’ compounds. 
The higher percentage figure tends to re¬ 
sult from higher sulfur contents and higher 
temjieratures. The balance of the sulfur 
is present in the tar and in the ammonia 
liquor. 

The following relationships will serv« as 
a rough guide for predicting the approxi¬ 
mate sulfur contents of coal gas: (1) the 
hydrogen sulfide content of ga.s, in grains 
per 100 cubic feet, equals 365 times the per¬ 
centage of sulfur in the coal; and (2) the 
organic sulfur content of gas, in grains of 
sulfur per 100 cubic feet, equals 18 limes 
the percentage of sulfur in the coal. In 
using these relationships, it must be kejit 
in mind that they are only approximate 
and are roughly correct for coals ordinarily 
used in coke ovens and gas retorts in 
America and for ordinary oi)erating condi¬ 
tions. Changes in coking conditions and 
coals other than coking coals of the Appa¬ 
lachian region may produce results ditfer- 
ing from the above. 

A sulfur balance made at a coke plant 
carbonizing coal of 0.79 percent sulfur is 
shown in Table I. In Table II are shown 
the relationsliips between the “organic sul¬ 
fur” in the coal gas and the sulfur content 
of the coal. These data were reported by 
Brysch and Byrne ® and by Sperr.'^ 

4 Meade. A., Modern OasworkH Practice, Beiin 
BroM., Loiidou, 1921, 815 pp. 

5 BryB<'li, O. P., and Byrne, J. F., Proc. Am, 
Oas A 880 C., 1927* 14(53-7. Dawaon, K. L., Eng. 
J., 1928, 2G«. Sperr, F. W., Jr., Proc. 2nd In¬ 
tern. Conf. Bituminous Coal, 2, 37-64 (1028). 



SOURCES AND AMOUNTS OF SULFUR COMPOUNDS IN COAL GAS m 


TABLE I 

Sulfur Balance Made on Koppers Ovens 


of the (him ago Byproduct Coke Company * 

Peroentaffe of 
PoundH Total Sulfur 
of EnteriDK 

Sulfur Oven 

Sulfur entermfc oven 

(22,500 pounds oual of 4.7 per¬ 
cent moisture and 0.79 per- 

cent sulfur) 

Sulfur leaving oven 

In coke (15,350 pounds dry coke 

169 0 

100.0 

of 0.05 percent sulfur) 

In Kas 

Orsanic sulfur (16 grains per 

100 3 

59 4 

100 cubic feet) 

Hydrogen sulfide (325 grains 

2 4 

1 4 

per 100 cubic feet) 
Ammonia liquor, tar, and un¬ 
accounted for (by differ¬ 

46 3 

27 4 

ence) * 

20 0 

11 8 

Total 

1()9 0 

100 0 


The amounts of the different sulfur com- 
j)ounds in the group of compounds called 
“organic sulfur” ha^e not been investigated 
thoroughh In tests reported by Hutton 
and Thomas,® coal was Ciirbunized in a 
standard I)-retort and about 80 percent of 

fl Hutton, U (), and Thomas, C C, Oaa Age, 
47, 88 (1921). 


the organic sulfur content was found to be 
included in the group carbon disulfide, car¬ 
bon oxysulfide, and mercaptans. No at¬ 
tempt was made to separate these com¬ 
pounds. Work reported by Hutchinson ^ 
showed the organic sulfur contents of gas 
made by carbonizing English coal in in¬ 
clined and vertical retorts. The amounts 
and distribution of the different sulfur com¬ 
pounds are given in Table III. 

The conditions existing m gas retorts are 
obviously different from those existing m 
coke ovens. Under the higher temjierature 
conditions m gas retorts, it would be ex- 
I^ected that there would be greater quan¬ 
tities of the sulfur compounds that are 
more stable at higher temperatures, and it 
is generallj^ recognized that thiophene, car¬ 
bon oxysulfide, and carbon disulfide are 
high-temi)erature products Consequently, 
the proportions shown in Table I cannot 
be used directh for estimating the pro- 
portion>' of sulfur compounds in coke-oven 
ga.s 

Some work by Shaw ^ has shown the 
following sulfur content of debenzolized 

7 Shaw, .T A. prnate cumihunication 


TABLE 11 


Relation between Sulfur Content oi- Coal and Organic Sulfur in Gas Made in Koppers 

0\ ENS ^ 

Organic Sulfur in Gas 



Percentage of 

Percentage of 

Grains Sulfur 

Percentage of 

Grains per 100 
Cubic Feet 


Sulfur in 

Volatile 

I>er 100 

Total Sulfur 

per Percent 

Test 

Coal 

in (/oal 

Cubic Feet 

in Coal 

Sulfur in Coal 

A 

4.56 

* 33.0 

103 

1.8 

22.6 

B 

3.69 

31.7 

67 

1.4 

18.6 

C’ 

3.65 

29.9 

51 

1.0 

14.0 

D 

1.80 

24.6 

28 

1.0 

16.6 

E 

1.74 

27.4 

30 

1.2 

17.2 

F 

0.79 

29.1 

16 

1.4 

20.2 

G 

0.93 

28.8 

19 

1.4 

20.4 


Average 


1.3 


18.4 
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TABLE III 

Obganic Sulfuk Compounds in Coal Gab from Retorts and Other Gases ^ 

Distribution of Organic Sulfur among Different 



Total Organic 

Compounds (in percent of total organic sulfur) 

Type of Retort or Gas 

Sulfur, grains per 




Volatile Sulfur 

Manufacturing Equipment 

100 cubic feet 

Mercaptans 

Thiophene 

CS2 

Compounds * 

Vertical retorts, continuous 

31.7 

4.4 

12.0 

66.3 

17.3 


23.6 

4.2 

15.7 

61.5 

18.6 


29.4 

5.4 

17.4 

59.0 

18.3 

Vertical retorts, intermittent 

i 20.1 

6.0 

16.4 

53.6 

24.0 

Inclined retorts 

31.2 

3.5 

26.6 

54.2 

15.7 

Horizontal retorts 

34.5 

4.1 

18.3 

67.2 

10.4 

Horizontal retorts, steamed 

35.6 

6.5 

22.0 

56.3 

15.2 

Coke ovens 

25.2 




13.5 

Carburetted water gas 

11.7 

3.4 

30.8 

17.1 

48,7 


• “Volatile sulfur compounds” were described by the authors as compounds not removahle by oil 
washing. Since carbon oxysulfide is the only sulfur compound (other tlian hydrogen sulfide) that 
has been identified in coal gas and that is not removable by oil washing, it can be assumed that this 
is actually carbon oxysulfide. 


coke-oven gas made from a coal mixture 
containing 0.7 percent sulfur: 

Grains Sulfur per 
100 Cttbic Feet 


Carbon disulfide 3.8 

Carbon oxysulfide 0.9 

‘‘Other organic sulfur” 0.6 

Total ‘ organic sulfur’ ’ 5.3 


In this tabulation, the tenn “other or¬ 
ganic sulfur” includes thiophene, niercap- 
tans, disulfides, and thio ethers of which 
thiophene is the predominating comitound. 
The light oil which had been scrubbed out of 
the gas analyzed in these tests ordinarily con¬ 
tained, per 100 cubic feet of gas scrubbed: 

Grains Sulfur 
per 100 Cubic Feet 
OF Gas 

Thiophene 0.8 

Carbon disulfide 3.5 

Accordingly, the gas before the light oil re¬ 
covery equipment contained: 


Grains Sulfur per 
100 Cubic Feet 


Carbon disulfide 7.3 

Carbon oxysulfide 0.9 

Thiophene and other or¬ 
ganic sulfur compounds 1.4 

Total organic sulfur 9.6 


Formation of Sulfur Compounds during 
Coal Carbonization 

The original sulfur in coal is considered 
to exist in three different forms: (1) pyritic 
sulfur, or sulfur combined as jiyrite and 
marcasite; (2) organic sulfur, or sulfur 
combined with the coal substance; and (3) 
sulfate sulfur, or sulfur combined a.^ cal¬ 
cium and iron sulfatCh. 

When the cqal is carbonized, these sulfur 
compounds in the coal are decomiiosed by 
the temperature and by reaction with the 
jiroducts of coal decomposition. The pri¬ 
mary gaseous comiiounds of coal distilla¬ 
tion are further altered by temiierature and 
contact with incandescent coke and oven 
walls and by contact with other gases from 
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the coal. Consequently, conditions within 
the oven or retort are rather complex, and 
the variety and amounts of the sulfur com- 
l)ounds finally leaving the coke oven or re¬ 
tort are the overall result of several reac¬ 
tions and eqiii]il)riums. The nature of the 
mineral matter in the coal may be a major 
factor affecting the amount and types of 
gaseous sulfur compounds formed,® as ap- 
I)ears reasonable in the light of exi)erimen- 
tal work on the synthesis of various organic 
sulfur compounds. 

Various workers “ ha.ve shown that equi¬ 
librium conditions exist for reactions l)e- 
tween hydrogen sulfide and various hydro¬ 
carbons such as methane, ethane, acetylene, 
and ethylene. Since sulfur conqiounds in 
gas, other than hydrogen sulfide and carbon 
disulfide, occur only in very small concen¬ 
trations, it seems very plausible that their 
final concentrations in the coal gas depend 
ujK)!! equilibriums of hydrogen sulfide with 
various hydrocarlxms and u])on the pres¬ 
ence in the coal of catalytically active ma¬ 
terial that heli)s the gases to approach these 
equilibriums. The presence of these various 
sulfur comjK)unds in coal gas conseciuently 
tloes not necessarily indicate that they are 
formed from definite type.> of sulfur com- 
])ounds in the original coal. The concen¬ 
trations and tyjies of ."ulfur comjiounds in 
the coal ga.s leaving the ovens dejiend on 
several conditions, including (a) the types 
and amounts of Milfur conqumnds originally 
formed when the coal is heated; {b) the 
temperature to which the gases arc heated 
before leaving the oven; (c) the tyjies of 
hydrocarbon.^ jire^ent in the gases; (d) the 

8 lliiiniH, tS. W.. and Kgcrton, A. C., Iron d 
Vottl TradvH 003-4 (1939). Ilimiis. 

U. W., and .VrinstroiiK, V^, ('hvmistrjf d Industry, 
17, r>43 8 (1939). 

olUndan, ()., lircnnstoff-Chcm., 12, 305-12 
(1931). Scliiu'idor. G. G., Hock. H., and 
IlaiiHsor, II., Jtrr., 70«, 425-9 (1937). Jones, S. 
(>., and K<*ld, Ifl. E., ./. Am. Chcm. 8oc., 00, 
2452-5 (1938). 


amount of contact between the gases and 
incandescent coke; and possibly (e) the 
type of mineral matter in the coke. 

Studies have been made to determine 
whether the evolution of sulfur in the gase¬ 
ous products is influenced by the chemical 
fonn in which the sulfur exists in the 
coal.*‘’ Some differences were noted in the 
amounts of different gaseous sulfur com- 
l)ounds formed from different types of coal- 
sulfur under conditions jirevailing in the 
laboratory carbonization experiments. In 
actual coke-oven conditions, the secondary 
reactions mentioned in the preceding" two 
paragraphs appear to have the predominat¬ 
ing influence in determining the total quan¬ 
tities and relative amoimts of the gaseous 
sulfur compounds. Practically, Powell 
concluded that the form in which sulfur 
exi.sts in coal has little effect on its evolu¬ 
tion during coking in actual byproduct 
ovens. 

Identification and Analysis of Sulfur 
Compounds 

Hydrogen Sulfide. Methods of analysis 
of gas to determine the amounts of hydro¬ 
gen sulfide are given in reference books on 
the subject.” The methods usually depend 
on one of the following: (1) Hydrogen sul¬ 
fide is quantitatively precipitated as cad¬ 
mium sulfule by neutral or alkaline solutions 
of a cadmium salt, and the amount of sul¬ 
fide is then determined by oxidation with 
acidified icxline. (2) Hydrogen sulfide is 
absorbed by caustic solutions, forming solu¬ 
ble sulfides, and the amount of sulfide is de¬ 
termined by oxidation with acidified iodine. 
(3) Hydrogen sulfide is quantitatively oxi- 

10 Powell, A. R., J. Ind. Kng. Ghent., 12, 1069- 
7« (1920). Snow. K. D., Ind. Eng. Ghent., 24, 
903 9 (1932). Woolhouse, T. G., Fuel, 14, 259- 
95 (1935). 

n Amorn'nii Gas Association, Oas Ghemists' 
Handbook, Auiericnn Gas Association, New 
York, 3rd ed., 1929, 795 pp. 
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dized by iodine to sulfur and hydriodic 
acid, in neutral or acid solution. (4) A 
lead acetate paper exposed to gases con¬ 
taining hydrogen sulfide darkens owing to 
the formation of black lead sulfide. The 
darkness of the stain depends upon the 
amount of hydrogen sulfide present. This 
method is usually used for the estimation 
of very small amounts of hydrogen sulfide, 
or to demonstrate that the gas contains but 
a minute amount of hydrogen sulfide. 

The general methods 1 and 2 have been 
studied by Shaw and have been found to 
give* somewhat irregular re.'^ults. This is 
due to two causes: mercaptans in the gas 
are partially or wholly included with the 
hydrogen sulfide, depending on conditions 
such as acidity of the cadmium solution; 
and the reaction between hydrogen sulfide 
and iodine is quantitative only in acid solu¬ 
tion. Shaw described an apparatus and 
teclinique that improve the accurac>’ of this 
method and also make possible the determi¬ 
nation of sulfides in any alkaline solution 
with greater accuracy than with jirevioius 
methods. In this technique, the solution is 
acidified and mixed before any iodine is 
added, thus eliminating all possibility of 
reactions between alkaline solutions and 
iodine—probably the greatest source of er¬ 
ror when acidified iodine is used in the 
conventional methods. 

Lead acetate paper methods have been 
studied by various investigators.^^ Mcth- 

12 Shaw, J. A., Ind. Eng. Chcm., Anal. Ed., 12, 
668-71 (1940). 

13 Gas Light and Poke Co., So. Metropolitan 
Gas Co., Gas World, 103, 386-8 (1935). 

14 Anon., Het Gas, 48, 281 (1028) Kraus, R., 
Chem. Fabrik, 9, 241-2 (1936). Reed, J. B., J. 
Soc. Chem. Ind., 57, 43-4 (1938). Norgate, R., 
Brit. Pat. 426,378 (1938). 

15 Littlefield, J. G., Yant, W. P., and Berger, 
L. B., U. S. Bur. Mines, Repts. Investigations 
3276 (1935), 13 pp. 

16 Hollings, H., and Hutchinson, W. K., Gas 
World, 102, 676-81 (1035). 


ods of this type, as previously stated, may 
be used either to detect the presence of 
small amounts of hydrogen sulfide in gas 
or to measure small amounts of hydrogen 
sulfide. 

A lead acetate paper method is almost 
generally employed in the United States to 
determine whether gas is sufficiently free 
from hydrogen sulfide to satisfy legal re¬ 
quirements for domestic use; it is an em¬ 
pirical method, and an exact procedure for 
making the test has been specified.^' 
The procedure must be followed exactly to 
obtain consistent results, especially when 
the hydrogen sulfide content approximates 
the amount that can just be detected by 
that method. Gas that passes this test con¬ 
tains less than about 0.5 grain hydrogen 
sulfide per 100 cubic feet.'-^" 

More recent study of lead acetate paper 
methods has been made mainly with three 
objectives in view: first, to study the con¬ 
ditions affecting the sensitivity of the te^ts; 
second, to improve the accuracy of methods 
using lead acetate to determine quantita¬ 
tively small concentrations of hydrogen sul¬ 
fide; and, third, to develop recording in¬ 
struments to .show the i)resence or absence 
of detectoble concentrations of hydrogen 
sulfide. True.<dale and Leroiix have 
studied factors that affect the sensitivity of 
lead acetate paper tests. The presence of 
hydrogen sulfide is easier to det(H‘t in hy¬ 
drogen gas than in nitrogen, and, in turn, 
in nitrogen than in carbon dioxide. Leroux 
reported that, the lowest concentration.s de¬ 
tected by the lead acetate method in his 
apparatus were: 

17 Trin*B(lalp, E. C., Ind. Eng. Chem., Anal. 
Ed., 2. 299-302 (1930). 

18 Leroux, H., J. usines gaz, 55, 117-22 
(1931). 

19 Bach, II., Gas- u. Wasscrfach, 72, 154-5 
(1929). 

20 McBride, R. S., and Edwardn, J. I)., Natl. 
Bur. standards U. 8., Tech. Paper 41 (1914), 
46 pp. 
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Grains per 100 
Cubic Feet 

HsS in hydrogen 0.05 

H 2 S in nitrogen 0.3 

H 2 S in carbon dioxide 1.6 

Direct impingement of a capillary jet of 
gas on or through a lead acetate paper is a 
much more sensitive method than expo¬ 
sure of the paper to the gas in a less thor¬ 
ough manner. The use of dry gas and wet 
paper or of dry paper and wet gas, and 
of alkaline lead acetate, makes the test 
more sensitive. The lowest concentration 
of hydrogen sulfide to cause a definite test 
in an extremely sensitive method followed 
in Truesdale’s experiments was 0.00002 per¬ 
cent hydrogen sulfide or 0.012 grain per 100 
cubic feet. Gas containing 0.006 grain per 
100 cubic feet caused stains that were pos¬ 
sibly faintly perceptible, and gas containing 
0.002 grain per 100 cubic feet definitely 
would not produce a stain regardless of 
how much gas was impinged on the xiaper, 

Bollings and Hutchinsondescribed an 
apparatus for making a lead acetate paper 
test and a technique of measuring the opti¬ 
cal density of the lead acetate paper stain 
to detennine small concentrations of hydro¬ 
gen sulfide in coal gas. The term '‘oi)tical 
density’' was used to indicate the degree of 
absorption of light transmitted through the 
pai)er containing the stain and should not 
be confused with the appearance of the 
stain by reflected light. Different forms of 
apparatus have been devised for making 
lead acetate pajier tests continuously or at 
regular intervals and recording the presence 
or absence of a stain photoelectrically. 

Lead acetate on materials other than 
pai)er, and other reagents than lead ace¬ 
tate, have been studied. The U. S. Bureau 
of Mines has develojied a detector for 
hydrogen sulfide using activated alumina 
coated with lead acetate, which is useful 


through the range of hydrogen sulfide con¬ 
centrations of 1.6 to 30 grains of H 2 S per 
100 cubic feet. Reagents such as silver 
salts, sodium nitroprusside, and para-am- 
inodimethylaniline have been studied, and 
they may be useful under certain condi¬ 
tions. In general, lead acetate has the ad¬ 
vantage of high sensitivity combined with 
permanence of the stain in the presence of 
oxygen. 

High concentrations of hydrogen sulfide 
can be measured by iodimetric and by ab¬ 
sorption methods. The Tutweiler method 
described in the Gas Chemists* Handbook 
can be modified by using a 0.08 iodine 
solution; this modification has proved sat¬ 
isfactory for the analysis of concentrated 
hydrogen sulfide recovered from coke-oven 
gas. 

Organic Stdfur, As mentioned previously, 
the expression ‘‘organic sulfur” as employed 
by the gas industry includes all sulfur com¬ 
pounds in fuel gas other than hydrogen sul¬ 
fide. Consequently, organic sulfur is de¬ 
termined by finding the total sulfur after 
removing the sulfur present as hydrogen 
sulfide. The ordinary method for this pur- 
I)ose is the so-called referee’s method origi¬ 
nally developed about one hundred years 
ago and described in the Gas Chemists* 
Handbook}^ In this, and in modifications 
such as the Drehschmidt method, a meas¬ 
ured amount of gas is burnt and the sulfur 
dioxide in the products of combustion is 
measured. 

The technique originally developed by 
Harcourt for the determination of carbon 
disulfide has been further develoited for the 
rapid determination of all sulfur comjiounds 
in gas. In this method, the hydrogen sul¬ 
fide is first removed, and the remaining sul¬ 
fur compounds are converted catalytically 
to hydrogen sulfide. The amount of hydro- 

21 Abndy, J., OaB AnalyuVn Manual, E. & F. N. 
Spon, Loudon, 1002, 561 pp. 
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gen sulfide thus formed is then measured. 
A newer technique for this method has been 
described by Lusby,-- who catalyzed the 
conversion to hydrogen sulfide by means of 
a heated platinum spiral. This method 
must be applied only to a gas high in 
hydrogen. Modified techniques for this 
method substitute platinized asbestos or 
activated alumina for the platinum spiral. 
Also, it h.'is been recommended that the 
gases be highly humidified before passing 
the platinum spiral to obtain more nearly 
complete conversion to hydrogen sulfide. 
Saturating with water at 80 to IK)® C is 
proposed. Russell reported that the 
platinum spiral method is suitable when 
the hydrogen content is over 25 percent 
and the illuminants are under 8 percent. 

Since examination of coal gas has shown 
that the so-called organic sulfur actually 
includes several sulfur compounds, investi¬ 
gators have developed methods for identi¬ 
fying the different compounds. Desy has 
described a rapid method for determining 
the carbon disulfide in gas colorimetrically 
by converting the carbon disulfide to cupric 
xanthate and measuring the color. The 
Chemical Department of the South Metro¬ 
politan Gas Company of London has also 
published a method for the determination 
of carbon disulfide; in this method, a col¬ 
oration is produced by reaction of the car¬ 
bon disulfide with piperidine and a copper 
salt, and the color is compared with stand- 

22 Lusby, O. W., Proa. Am. Gan Ansoc., llltW, 
752-4. 

23 Visser, G. H., and Engel, W. F., II* Cangr. 
mondial petrolc 2, Sect. 2, Phyn. Chim. rafflnagr, 
1937, 543-6. 

24 ,Tilk, L. T., Proc. Am. Soc. Testing Mate¬ 
rials, 3», 1159-68 (1939). 

25 Grimme, W., and Kock, E., Chcm.-Ztg., 113, 
870-1 (1938). 

26 RuHHell, W. E., Proc. Am. Gas Assoc., 193H, 
620-5. 

27 Desy, G. G., ibid., 1927, 1440-1. 

28 Clieni. Dent., So. Metropolitan Gas Co., J. 
Soc. Chem. Ind., 56, 287-9 (1937). 


ards. Results may be too high, however, in 
the iiresence of carbon oxysulfide, which 
produces a fading coloration. Avdeeva 
described a method for determining both 
carbon disulfide and carbon oxysulfide in 
the jiresence of each other. King and 
Maddock •'* described the methods they em¬ 
ployed to identify carbon disulfide, mertjap- 
tans, and thiophenes in coal gas. Hollings, 
Hutchinson, and Griffith ^ have also ])ub- 
lished the methods used or develoix'd by 
them for measuring the mercaptan, thio¬ 
phene, and carbon disulfide contents of coal 
gas. 

Ob.iectionablk Featuhks of Sulfur 
Compounds in Gas 

The jiresence of sulfur compounds in 
gas has been considtaed objectionable from 
practically the beginning of the coal-gas in¬ 
dustry. They are objectionable both in the 
gas before it is burnt and in the flue gases 
after combustion. Of the sulfur comiiounds, 
hydrogen sulfide is usually considered the 
only one causing objectionable conditions in 
the gas before combustion. It causes inter¬ 
nal corrosion in gas mains, deteriorization 
of valves .and tubing, especially brass and 
copper, and mechanisms exjio.sed to g;us at- 
mo!<i)heres as in meters and regulators and 
special aj)i)liances. The blackening of metal 
surfaces, es])ecially silver, when exjiosed to 
minute traces of hydrogen sulfide is well 
known. The jiroducts of combustion of all 
sulfur com])ounds, of course, contain sulfur 
dioxide and sulfur trioxide, and those ga.^es 
are corrosive and obnoxious in odor. 

Most nmnicipal regulating bodies have 
definite requirements controlling the ])er- 
missible concentration of sulfur comixnmds 
in domestic fuel gas. It is typical to re¬ 
quire that the hydrogen sulfide content be 
low enough so as not to produce a stain on 

20 Avd<‘«‘va, A. V., Zavadskaya Lab., 7, 279-81 
(1938). 
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lead acetate paper when tested in a speci¬ 
fied manner, that is, less than about 0.5 
grain per 100 cubic feet. Requirements are 
not so severe, however, for organic sulfur; 
usually 15 to -SO grains total sulfur per 100 
cubic feet are permitted.^^^ States and mu- 
nicii)alities have different requirements in 
this regard. The effect of organic s\ilfiir re¬ 
quirements has been chiefly to prevent use 
of coals wilh excessive sulfur contents for 
dome\stic-gas manufacture. 

The amount of corrosion by the products 
of combustion of coal gas depends on the 
flue system of the giis-burning appliance. 
When the products of combustion are 
cooled below their dew point, surfaces be¬ 
come wet with a sulfur-bearing water and 
corrosion is more se\Tre. Parrish and 
Wood have reported a series of tests m 
which coal gas containing about 25 grains 
total sulfur i)er 100 cubic feet was burned 
in different appliances; the amount of sul¬ 
fur acids ill the eonden.sates wjus measured, 
and corrosion jiroducts were analyzed. The 
condensates in different types of calorime¬ 
ters contained from about 15 to 75 percent 
of the sulfur jiresent in the gas. 

The deh'tenous effects of small amounts 
of sulfur in flue gases from gase< of low 
sulfur content have been studied; an excel¬ 
lent resume of the work of different inves¬ 
tigators is given m the coimnittee reiiorts 
of the American Gas Association.®-* The 
presence of but small amounts of sulfur in 
gas causes corrosion in the flue passages of 
gas appliances, such as water heaters and 
refrigerators. Occasional rejiairs and ad- 

30 Anon., Natl. Bur. Standards U. 8 ., Circ. 405 
(Um), 258 i>p. 

31 Wood, J. W., and l^nrrlsh, E, Inst. Oas. 
Engrs., Cummun. 100 (1934), 47 pp.; Gas J., 
208, 350-7, 527-30, 742-4 (1934). 

32 Kruger, R. E., Proc. Am. Gas Assor.^ 1030, 
517-42. 

38 Shnidman, L., ibid., 1035, 706-25. Slinid- 
nian, L., and Yeaw, J. S., ibid., 1087, 697-716, 
1839, 542-52. Murphy, B. J., ibid., 1889, 668-6. 


justments are consequently necessary to 
maintain the appliances in proper condi¬ 
tion, the cost of which is usually borne by 
the gas companies. Kruger concluded 
that the “sulfur must be reduced consider¬ 
ably below 2 grains per 100 cubic feet of 
fuel gas to eliminate corrosion problems.” 

Sulfur in coal gas utilized for certain 
other purposes is also objectionable. The 
amount of sulfur that can be tolerated dif¬ 
fers for different applications. For exam¬ 
ple, gases used for melting glass need to be 
low in sulfur when glass of certain quality 
is being handled.®^ In gas-heated ovens for 
annealing ghiss, the formation of deposits 
of “bloom” on glassware had been blamed 
on small amounts of sulfur in the gas. 
Later work indicated that this “bloom” was 
due to other causes.®® In certain heat- 
treatment processes of steel and other met¬ 
als and alloys, e\’cn 7 to 10 grains per 100 
cubic feet of organic sulfur cause difficul¬ 
ties.®® For heating open-hearth furnaces 
and other furnaces for handling steels, ex¬ 
cessive sulfur contents are undesirable. Or¬ 
dinarily it had been considered permissible 
to use coal gas containing 550 to 700 grains 
sulfur per 100 cubic feet, although it was 
recognized that closer control of the fur¬ 
naces was neces.sary with gases of higher 
sulfur content.® • Gases of lower sulfur con¬ 
tents are more desirable, however, especially 
in making or handling steels of low sulfur 
si)ecifications. Equilibriums between sulfur- 
bearing gases and melted steel have been 
studied by Maurer and Bischof.®® In re¬ 
st KaznnKkii, M. S., Kcram. t Steklo, 12, 4-6 
(1936). 

3 ii Memoroy, E. J., Proc. Am. Oas Assoc., 1931, 
1082-5. Slmplpy, C. S., Oas World, 105, 588 
(1936). 

36 Trutnovsky, H., Oas- u. Wasserfach, 78, 
462-5 (1935). 

37 Armstrong, H. C., Trans. Second World 
Power Conf., Berlin, 2, 288-96 (1930). 

38 Maurer, E., and Bischof, W., J. Iron Steel 
Inst., 128, 123-49 (1934). 
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viewing this subject in connection with the 
firing of open-hearth steel furnaces with 
coke-oven gas, Foxwell concluded that 
'^clearly there are substantial advantages to 
be gained by bringing the sulfur content of 
the gases down to some 50 grains j)er 100 
cubic feet, but from a metallurgical point 
of view there seems to be no particular 
point in removing the last few grains/’®® 

The presence of sulfur compounds is \m- 
desirable also in the “bright annealing” of 
wire and similar products. When the total 
sulfur in the gas is too great an objection¬ 
able black sheen is formed on the surface 
of the metal. Such effects have lx*en re¬ 
ported for gases containing no more than 
15 grains of total sulfur per 100 cubic feet 
of gas. There are probably many industrial 
uses for coal gas in which gases of low sul¬ 
fur contents are necessary. 

Hydrogen Sulfide and Its Removal 

PROPERTIES OF HYDROGEN SULFIDE 

Hydrogen sulfide at ordinary pressure 
and temperature is a colorless gas of char¬ 
acteristic odor reminiscent of rotten eggs. 
Physical i)roperties of hydrogen sulfide, as 
given in different reference books/”'-*2 
are as follows: 

Density: 

1 liter at 0° C and 1 atmosphere weighs 1.539 
grams. 

1 cubic foot at 32° F and 1 atmosphere 
weighs 0.0961 pound. 

1 cubic foot at 60° F and 30 inches weighs 
638 grains or 0.09114 pound. 

Specific gravity (air = 1.0), 1.190. 

39 Foxwell, G. E., Oas World, 104 (Coking 
Sect.), 69-75 (1936). 

40 International Critical Tables, McGraw-Hill 
Book Co„ New York, 1928. 

41 Annual Tables of Constants and Numerical 
Data, Gauthier-Villars, Paris, 1934. 

42 Mellor, J. W., Comprehensive Treatise on 
Inorganic and Theoretical Chemistry, Longmans, 
Green and Co., New York, 1930, Vol. X. 


Density of liquid, 0.96 gram per cubic centi¬ 
meter at —59.5° C. 

Boiling point, —59.5° Cor —75.1°F. 

Freezing point, —82.9° C or —117.4° F. 
Critical pressure, 88.9 atmospheres. 

Critical temperature, 100.4° C or 212.7° F. 


Vapor pressure: 



Atmos¬ 

Milli¬ 

°c 

pheres 

meters 

-120 

0.0092 

7 

-100 

0.0711 

54 

-82.9 

0.274 

208 (melting point) 

-80 

0.325 

247 

-60 

0.973 

740 

-59.5 

1.00 

760 (boiling point at 
1 atmosphere) 

-40 

2.52 


-20 

5.4 


0 

10.2 


-1-20 

17.2 


40 

27.8 


60 

42.2 


80 

61.4 


100 

88.3 


100.4 

88.9 (critical point) 


Heat of combustion, at 60° F and 30 inches of 
mercury: 

647 Btu per cubic foot or 7,100 Btu 
per pound, gross 

596 Btu per cubic foot or 6,545 Btu 
per pound, net 


Solubilities in water and organic solvents at 
20° C’ and hydrogen sulfide partial pressure 
of 1 atmosphere. (Solubilities are expressed 
as volumes of hydrogen sulfide reduced to 
0° C and 1 atmosphere dissolved in 1 volume 
of saturated liquid.) 


Solvent 

Water 

Hexane 

Cyclohexane 

Benzene 

Toluene 

Alcohol 


Solubility 

2.554 

5.82 

6.94 

14.5 

15.6 
7.42 


48 Bell, R. P., J. Chem. 8oc., 1881, 1871-82. 
Wright, R. H., and Maass, O., Can. J. Research, 
6 , 94-101 (1932). Seidell, A., aolubilities of 
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TOXICITY or HYDROGEN SULFIDE 

Hydrogen sulfide is a poisonous gas. Its 
toxicity has been studied mainly in connec¬ 
tion with the petroleum industry because 
many crude oils evolve gases with much 
higher concentrations of hydrogen sulfide 
than are encountered in coal gases. Au¬ 
thoritative general reviews of the subject of 
the toxicity of hydrogen sulfide are given 
in publications of the U. S. Bureau of 
Mines ** and the U. S. Public Health Serv¬ 
ice.*® In general, the effects of almost any 
toxic materials vary considerably with indi¬ 
viduals and with other conditions, making 
it difficult to present exact figure*?. Be¬ 
cause hydrogen sulfide paralyzes the sense 
of smell, it is dangerou.s to depend on its 
odof to determine whether toxic concent ra¬ 
tions exist. The following figures give an 
approximate idea of permissible concentra¬ 
tions. The maximum i)enni.ssil)le concen¬ 
tration of h>’dr()gen sulfide for exposures 
not exceeding 8 hour.s per day is 1.3 grains 
per 1(K) cubic feet of air (20 parts per mil¬ 
lion by volume), according to the 1941 
standard of the American Standards Asso¬ 
ciation. Air containing around 3 grains of 
hydrogen sulfide jjer 1(X) cubic feet (0.0045 
percent by volume) can be breathed for 
several hours before any toxic symptoms 
are produced. Breathing air containing 30 
grains of hydrogen sulfide ])er 100 cubic feet 
(0.045 percent by volume) is dangerous and 
can possibly be fatal within 15 minutes. 
For a more explicit study of the physiologi¬ 
cal behavior of h>drogen sulfide, reference 
should be made to reports of various inves- 

Inorganic and Metal Organic Compounds, D. Van 
NoHtrand Co., New York, 1940, Vol. 1. 

♦4 Katz, S. H., and Bloomfield, J, J., U. 8. 
Bur. Mines, Tech. Paper 348 (1924), 37 pp. 
Sayera, K. R., ^7. 8. Bur. Mines, Bull. 281 

(1026), 108 pp. 

4BU. S. Pub. Health Service, Pub. Health 
Repts., 86, No. 14 (1941). 9 pp. 


tigators.**- The treatment for hydrogen 
sulfide poisoning is also discussed by some 
of the above.*® It is generally recognized 
that artificial respiration with oxygen in¬ 
halation is valuable first-aid treatment. 

CORROSION DUE TO HYDROGEN SULFIDE 

The corrosive nature of waters containing 
hydrogen sulfide is well known.*® When gas 
containing hydrogen sulfide is cooled below 
its dew point, condensation of such waters 
occurs. Also, in handling concentrated hy¬ 
drogen sulfide gas, as in processes for its 
recovery as such, condensation produces 
liquors containing hydrogen sulfide. Hy¬ 
drogen sulfide is classified 'as an acidic gas, 
in that its solutions in water are weakly 
acidic. It forms insoluble black sulfides 
with many metals, including iron, copper, 
silver, and lead. When such a sulfide coat¬ 
ing is formed, the coating may be, but is 
not nece.s<arily, a protective coating. The 
.sulfides, being electrical conductors, may 
also produce local couples and cause elec¬ 
trolytic corrosion.*** 

Usually, the corrosion due to hydrogen 
sulfide-containing waters is augmented by 
the presence of hydrocyanic acid and of 
oxygen. Many sulfides, iron sulfide espe¬ 
cially, are oxidized by oxygen to form free 
sulfur and the oxide or hydroxide of the 
metal. This action both breaks down the 
protective coating and adds another ingre- 

40 Audibf>rt, E., anti Delmas, L., Ann. mines, 
(13), 2. 203-13 (1933). Hunter, D., Pharm. J., 
137. 514-6 (1936). Herbert, E. L., J. Inst. Pe¬ 
troleum, 25. 323-46 (1939). McClurkin, T., 
ibid., 25, 382-91 (1939). 

47 HeeriiiK. Oasmaske, 8, 88-9 (1936). Di- 
Bella, L., Arch, fisiol., 37, 291-318 (1937). 

48 MlllH. II. van A., V. 8. Bur. Mines, Bull. 233 
(1925). 127 pp. Ott, E., and Hinden, P., 
Monats-Bull. Schweiz. Ver. Gas- u. Wasserfach, 
1927, Nos. 1-2, 18 pp. Devine, J. M., Wilhelm, 
C. J., and Schmidt, L., U. 8. Bur. Mines, Tech. 
Paper 560 (19.33). 20 pp. 

40 Rhodes, F. H., and Johnson, E. B., Ind. 
Eng. Chem., 16, 675 (1924). 
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dient, sulfur, that contributes to corrosion. 
Various studies and observations indicate 
that, when the oxygen content is very low 
and when there are tar or oily films on the 
metal surfaces, conditions that ordinarily 
exist inside gas-handling equipment, corro¬ 
sion is very slight. 

As temperatures are increased to around 
400® C or higher, dry hydrogen sulfide be¬ 
comes corrosive to ortlinary steel. Steels 
containing chromium are reported to be re¬ 
sistant to such corrosion. Below 4(K)° C, 
only 3 percent of chromium is needed, 
but at higher temperature it is necessary 
to have 12 to 20 percent chromium in the 
steel.Stainless steels containing 18 
percent chromium and 8 percent nickel are 
also reported as satisfactory, but the pres¬ 
ence of nickel does not add to their resist¬ 
ance to this type of corrosion. 

RECOVERABLE SULFUR IN COAL GAS 

According to the U. S. Bureau of Mines 
data, about 848,000,(XX) thousand cubic feet 
of coal gas were produced in byproduct 
coke ovens in the United States in the year 
1040 from 77 million ton.^ of coal. On the 
basis that each 1,000 cubic feet contains 
0.5 pound of hydrogen sulfide (the average 
is probably somewhat higher), the total 
amount of hydrogen sulfide in these gases 
would be 424,(XX),000 pounds, or 212,000 
tons, per year. This quantity of sulfur is 
about 7.5 percent of the annual production 
of mined sulfur in the United States and 
about one-third of the quantity of sulfur 
required for nonacid ii^es. Exact figures of 
actual sulfur recovery from cok^'-oven gas 
are not available, but rough estimates indi¬ 
cate that less than 10 percent of this avail- 

50 Ballabio, G., and Pastonesi, G., Met. ital., 
81, 431-C (1939). 

51 White, A., and Marek, L. F., Ind. Eng. 
Chem., 24. 859-61 (1932). 


able sulfur supply is being recovered and 
utilized. 

Germany, in 1938, produced 48,500,(X)0 
tons of coke. According to the ratio 352 
tons of coke per ton of sulfur in the coke- 
oven gas,®- the sulfur-content of German 
coke-oven gas was 137,000 tons in that 
year. During the preceding year, 35,000 
tons of sulfur were actually recovered, or 
about 30 jiercent of the sulfur content of 
the total German coke-oven gas.®*'’ Russia 
produced 23,200,000 tons of coke in 1938, 
or about one-half as much a.s Germany, and 
Great Britain produced 28,100,000 tons of 
coke including both gas retorts and byjwod- 
uct oven coke, or about (X) jiercent of the 
German i)rodnction. In Greiit Britain, from 
70,000 to 80,0(X) tons of sulfur jier year is 
extracted from fuel gases, the bulk of which 
is used for sulfuric acid manufacture.®* Be¬ 
cause of the anticipated military need for 
self-sufliciency in European countries, a 
larger part of the .Nulfur in European gas 
was being recovered than in the United 
States. 

The bulk of the .'^ulfur and hydrogen sul¬ 
fide recovered from coke-oven gas in Eurojie 
is used for the production of sulfuric acid. 
In the United States, coke installations that 
oi>erate ])roce.>ses for the recovery of ele¬ 
mental sulfur m a purer form market the 
sulfur for agricultural sjirays and for other 
fungicidal iiurjin.^e.",®® iis well as for use in 
the sulfite-imlji jirocess in the paper indus¬ 
try. Some of the >ulfur recovered by the 
ordinary iron oxide dry-box method is used 
for sulfuric acid manufacture, but mo.st of 
such sulfur is di.scarded. 

52 WnPHor, IL, MctnlborMV, 23, 333-4 (19.33), 

63Re(*rink, W., GlurkauJ, 74, 303-0 (1938). 
Powell, A. R., Ind, Eng. Chem., 31, 789-96 
(19,39). 

64 Avery, II. B., Gas World, 109, 348-60 
(1938). 

ssJacobHoii, I). L., (^hrm. Marketn, 29, 363-8 
(1931). Sau(‘lielli, V., Ind, Eng. Vhrm., 25, 
363-7 (1933). 
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REMOVAL OP HYDROGEN SULFIDE PROM COAL 
GASES—HISTORICAL 

Very shortly after coal pt.'is was intro¬ 
duced for a domestic fuel, it became appar¬ 
ent that its sulfur content was a decided 
disadvantage. Milk of lime was utilized for 
removing the sulfur compounds as early as 
1809 in England by Clegg, two years after 
the first use of gas for street lighting. As 
can well be imagined, equipment using milk 
of lime would become plugged with solid 
deposits, and much trouble was encoun¬ 
tered. Scrubbers using solid lime were em¬ 
ployed a few years later. 

Lime, of course, removes the acid-forming 
ingredients from the gas, namely, carbon 
dioxide, hydrogen sulfide, and hydrocyanic 
acid. After the lime has become saturated 
with these gases, further contact with the 
gas will not result in the absorption of more 
hydrogen sulfide. Instead, the spent lime 
will actually absorb more carlion dioxide 
and ex])el hydrogen sulfide that was jirevi- 
ously absorbed. Hence it is necessary to 
exercise careful control to remove the spent 
lime iiromptly. The disjiosal of the siieni 
lime IS also troublesome for the same rea¬ 
son, as it absorbs carbon dioxide from the 
air and release.^ hydrogen sulfide. 

During the iieriod that lime purifiers were 
utilized it was also discovered that sulfided 
lime would absorb some carbon disulfide, a 
material that is not absorbed by the uusid- 
fiidvd lime. Titvause British (‘oals ordinarily 
contained suflicient sulfur to jiroduce a gas 
of objectionably high carbon disulfide con¬ 
tent, the techni(iue of using sulfided lime 
for carbon disulfide removal was developed. 
The British “Sulfur Act of IStU)” was placed 
in force to insure careful operation of these 
sulfided lime scrubbers to remove carbon 
disulfide. This act set a maximum permis¬ 
sible sulfur content of but 17 to 22 grains 
per 100 cubic feet. Although this act did 


much to improve the quality of the gas 
actually distributed, it also prevented the 
British gas industry from completely re- 
jilacing the lime purifiers by the more eco¬ 
nomical and less troublesome iron oxide 
purifiers. In 1905, the old gas Sulfur Act 
of 1860 was replaced with a new act, as a 
result of which the old lime purifiers have 
been entirely rejilaced by oxide purifiers ex¬ 
cept in some smaller installations. 

Iron oxide was developed by Laming and 
Hills and jMitented in 1849. About fifteen 
years later, lime purifiers on continental 
Europe were being replaced by iron oxide 
boxes. Around the year 1870, iron oxide 
purifiers began to be adopted in the United 
States. The first iron oxides were chemi¬ 
cally i)repared. Later, bog iron ores were 
also used, and still later byproduct iron ox¬ 
ides from other industries came on the mar¬ 
ket. Methods for the chemical preparation 
of oxides have been improved to yield bet¬ 
ter products, and byproduct oxides have 
also been imi)roved; as a result, all types 
of iron oxide remain in use. 

The design and operation of dry iron ox¬ 
ide purifiers have not ch.'uiged fundamen¬ 
tally since the early installations. However, 
as the residt of investigations more intelli¬ 
gent control can be exercised, and the type 
of oxide has been improved to increase ca- 
l)aeily. 

Licpiid purification processes, that is, 
jirocesses in which hydrogen sulfide is 
washed from the gas by means of liquids, 
are comparatively recent developments. 
The subject was jirobably originally opened 
about 1880 by the pioneer work of Hill and 
Claus, who used ammonia liquor for wash¬ 
ing hydrogen sulfide from the gas and re¬ 
generated the liquor by heat. The work of 
Feld in the first years of the present cen¬ 
tury was followed later by many investiga¬ 
tors. As a result a number of liquid puri- 
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fication processes are now in commercial 
operation. 

Processes for Hydrogen Sulfide 
Removal 

CLASSIFICATION 

In general, modern processes for the re¬ 
moval of hydrogen sulfide from coal gas can 
be classified in the following groups: 

1. Dry processes. 

(«) Oxidation to sulfur at ordinary tem¬ 
peratures. 

(6) Oxidation to sulfur at elevated tem¬ 
peratures. 

(c) Oxidation to sulfur oxid('S at elevated 
temperatures. 

2. Liquid processes. 

(a) Oxidation to sulfur or to thiosulfate 
or both. 

(b) Absorption by a hydrogen sulfide solv¬ 
ent and desorption of the hydrogen 
sulfide. 

(c) Absorption and fixation of the ab¬ 
sorbed hydrogen sulfide with sulfur 
dioxide and ammonia. 

(d) Absorption and disposal or utilization 
of the solution. 

The ordinary iron oxide process, or ‘*dry 
box” process, is here classified in the group 
la. To be useful practically, the iron oxide 
must exhibit simultaneously the d\ial func¬ 
tion of absorbing the hydrogen sulfide and 
oxidation to sulfur. Methods included in 
the groups lb and Ic are ordinarily cata- 
lytical processes at higher temperatures. 
For such methods the gas must be heated, 
and an efficient gas heat-exchanger is con¬ 
sidered essential for practical economic op¬ 
eration. No classification under dry proc¬ 
esses is included for adsorption of hydrogen 
sulfide by solids, followed by desorption of 
the hydrogen sulfide. Such processes are 
within the realm of possibility, but the 
common adsorbents function also as oxida¬ 
tion catalysts, and, practically, the ad¬ 
sorbed hydrogen sulfide is oxidized before 
it can be desorbed. 


For liquid processes, a liquid having a 
hydrogen sulfide-absorbing power much 
greater than that of water is a practical 
necessity; otherwise, the necessary volume 
of scrubbing liquid is prohibitively large. 
Enhanced absorbing power for hydrogen 
sulfide is usually obtained in either of two 
ways: (o) by using a solution of sufficient 
alkalinity, or, technically, of sufficiently 
high pH, so that a major part of the ab¬ 
sorbed hydrogen sulfide is held as a hydro¬ 
sulfide; or (b) by using an ingredient in 
the solution that combines with the hydro¬ 
gen sulfide to fonn other compounds. The 
chemical nature of the solution, of course, 
must be such that the regenerative step 
that follows is operative. 

PROCESSES FOR OXIDATION TO SULFUR AT 
ORDINARY TEM PERATURES 

/rofi Oxide Processes. The classic dry 
iron oxide method for combined hydrogen 
sulfide absorption and oxidation to elemen¬ 
tal sulfur was developed for practical use 
in the LSfiO’s and is still in almost general 
use. In this jirocess, the gas is merely 
jiassed through beds of a loose material, 
.such as wood shavings, mixed with an 
active iron oxide. The iron oxide absorbs 
hydrogen sulfide, probably forming some 
intermediate iron oxy.sulfide, and the inter¬ 
mediate com[)ound absorbs oxygen to form 
sulfur. For this process, the gas must con¬ 
tain sufficient oxygen for the oxidation and 
to provide a high enough oxjgen concen¬ 
tration to obtain a sufficiently rapid oxida¬ 
tion. To provide the necessary amount of 
oxygen, it is general practice to add the 
jiroper amount of air to the gas. The rate 
of oxygen absorption becomes slower when 
the oxygen concentration in the gas is 
lower. This makes it impossible to utilize 
all the oxygen in the gas. Commercial¬ 
sized purifier boxes are able to utilize the 
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oxygen until the oxygen content of the 
gas is reduced to 0.4 to 0.6 percent.®* 

Recent advances in gas purification by 
the iron oxide box process have included: 
(1) correlation of sizes and capacities of ex¬ 
isting equipment in order to ascertain the 
most efficient design; (2) studies of the ef¬ 
fects of temperature, humidity, pH control, 
hydrocyanic acid and incidental hydrocy¬ 
anic acid removal, the addition of air to gas, 
and the manner of rotation of boxes on the 
oi)erating results of iron oxide boxes; (3) 
studies of the variations in activities of 
iron oxides produced and treated in dif¬ 
ferent manners, and production of oxides 
having greater activity; (4) improved 
techni(|ues for testing iron oxides and for 
more reliable laboratory evaluation of ox¬ 
ides; (5) modification of oxide box tech¬ 
niques to facilitate sulfur extraction from 
vpcnt oxide, and methods for sulfur extrac¬ 
tion; (6) ada])tation of iron oxide boxes 
for purifying gases under higher pressures; 
and (7) develojiment of the Thyssen-Lenze 
towers for oxide purification. 

Oxide boxes are ordinarily boxes of large 
horizontal cross-sectional area and rela¬ 
tively low height, usually not over 10 or 
15 feet. Inside the boxes are horizontal 
latticelike supports, each support holding 
one layer of iron oxide purifying material. 
The de])th of each layer is usually between 
3 and fi feet, and two or more layers are 
commonly placed in each box. Figure 1 
shows a grou]) of four iron oxide purifier 
boxes at Indianapolis, Ind. The lifting 
e(piipment for removing the top plate from 
a box can be seen above the farthest box. 

The coal gas to be purified is admitted 

ScIioIh‘1, 0. O., Proc. Am. dan Atmoc., 1031, 
ioc.r» 7. 

57 Soil. (i. E., IIoiliKiimn, H. A., ami Clark, 
T. 11.. Am. Gan J., 130. No. 5, 39-42, No. 6, 32-8 
(1929). 

5R Cla.vtoii. R. H., Avpry, H. B., and Taylor, 
n. F., OttH J., 220, 037-9 (1937). 


in the top of the box and passes downward 
through the layers and out the bottom> 
or it is admitted in the bottom and passes 
up through the layers and out the top. A 
number of boxes are placed in series so 
that the gas passes through four to eight 
or more layers of purifying material, de¬ 
pending usually upon the hydrogen sulfide 
content of the gas and upon the urgency 
of maintaining continuous efficient hydro¬ 
gen sulfide removal. 

Two or more jiurifier boxes in series are 
usually connected with a system of valve 
and gas-piping connections to permit 
changing either the direction of gas flow 
through the boxes, from upward flow to 
downward flow, or the order of the boxes 
in the series. For example, an installation 
with four purifier boxes are connected so 
that the gas first goes in series through 
box 1, then through 2, 3, and last through 
4, abbreviated ‘T-2-3-4.” Valves and con¬ 
nections are provided so that the gas flow 
can be changed so that it passes through 
the series in any of the following orders, 
4-1-2-3, 3-4-1-2, and 2-3-4-1. Also, it is 
sometimes arranged that the last two boxes 
in the series can be interchanged without 
affecting the order of preceding boxes. 
The practice of changing the order of the 
boxes in the series is commonly termed 
^^rotation of boxes. 

The purifying material is usually a mix¬ 
ture of a loose material such as w^ood shav¬ 
ings or crushed blast-furnace slag with a 
chemically active form of hydrated iron 
oxide. The iron oxides are prepared from 
rusted iron borings or from iron salts, or 
from hydrous iron ores—the so-called bog 
ores—or they are recovered from chemical 
manufacturing jirocesses. 

In the ojieration of the dry box, the 
sulfur formed by the absorption of hydro¬ 
gen sulfide and oxygen accumulates in the 
layers of purifying material. Because the 
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Pn. 1 Iron o\kle puriflor boxes at IiiduinapoliK Iiul 


rates of absorption of hydrogen sulfide and 
oxygen by the dr> purifying material are 
slow, the gas velocity must be slow Or¬ 
dinarily, gas velocities, calculated as gas 
volume per hour divided by the square feet 
of cross-sectional area, are in the mnge 
from 80 to lOO cubic feet per hour i)er 
square foot of horizontal section Since 
this IS a very slow gas \elocit\, purifier 
box installations must have a large hori¬ 
zontal cross-sectional area and require a 
large ground space Where available 
ground space is limited, this consideration 
alone may require the adoption of other 
processes for hydrogen sulfide removal 
The size of equipment in American prac¬ 
tice IS usually m accordance with the well- 
known Steere formula, 

Cubic feet of gas per hour 

_ 3,000 X A(D -h O 
S 

in which A is the horizontal cross-sectional 
area of one dry box m square feet and is 


calculated on the basis of the allowable gas 
velocity, which is usually around 100 cubic 
feet of gas jier hour per square foot of 
horizontal cro‘^‘^-sectlon area, D is the total 
depth of punljing material through which 
the gas tra^els before leaMng the senes of 
purifier boxes, C is a factor depending on 
the number of boxes in senes, being 4 for 
a two-1 )o\ senes, 8 for a three-box series, 
and 10 for a four-box sene'-, and 8 is a 
factor depending on the h>drogen sulfide 
content of the coal gas accoiding to the 
following table 


Grains of H^DRoobN SuLnoh 
PLR 100 Cubic Fekt in Gas 

Fa( tor S 

1,000 or more 

720 

900 

700 

800 

67.5 

700 

640 

600 

600 

500 

560 

400 

525 

300 

500 

200 or less 

480 
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The use of the Steere formula and other 
rules for the design of purifier boxes is 
discussed more fully and critically in refer¬ 
ence books on the subject.'*' 

European practice in purifier box design 
differs somewhat from American practice. 
Since both are based on practical operating 
exi)erience, they do not differ materially. 
The apparent difference is mainly due to 
the method of applying safety factors. 
American i)ractice seems to provide for an 
anticii)ated future gas rate, and Meade rec¬ 
ommended a more liberal design because of 
the possibility of future exi)ansion. For a 
more detailed st\idy of the design and op¬ 
eration of purifier boxes, reference should 
be made to various published articles.®®*®^ 
With any given purifier box installation, 
it is desirable to operate as long as possible 
before replacing the purifying material. 
Various conditions that are subject to con¬ 
trol during this period of operation are: 
(1) temiicrature of the gas and the puri¬ 
fier boxes; (2) humidity of the gas; (3) 
acidity or /jH of the purifying material; 
(4) addition of air or o.xygen; and (5) 
maimer of rotation of boxes. 

Continued study of the chemistry of the 
iron oxide jiurification jirocess and of the 
results of te^^ts during practical operation 
have continued to throw light on the sub¬ 
ject and have made improved control pos¬ 
sible. 

Xlorgan, J. J., Textbook of American Gas 
Practice, J, J, Morgan, Maplewood. N. J., 2nd 
ed., lliai, Vol. I. 909 pp. Pacific Coast Gas As¬ 
sociation, Gas Engineers' Handbook, McGraw- 
Hill Hook Co., New York, 1934, 1017 pp. 

«o Offe, G., Gas- u. Wasserfaeh, 71, 222-4 
(1928). Pearson, G. C., Gas J., 186. 797-807 
(1929). Anon., Gas J., 202, 922-4 (1933), 203, 
01-2 (1933). Zw'eig, W., and Kossendey, F., 
Gas- u. Wasserfaeh, 76, 044-8 (1933). Anon., 
Gas World, 100. 447-52 (1934). Marsliall, J. 
K.. ibid., 102. 58-00 (1935), 108. 74-6 (1935). 
Pickard, K., Gas J., 222, 121-3 (1938). 

81 Sweeney, E. L., Am. Gas J., ISO, No. 6, 
39-42, 44-7 (1939). 


Lower temperatures in general cause 
chemical reactions to be slower. It is nec¬ 
essary to maintain the temperature in the 
purifier boxes sufficiently to obtain the de¬ 
sired purification efficiency. This is espe¬ 
cially true when the accumulation of sulfur 
in the i)urifying material is showing its ef¬ 
fect in retarding efficiency. Temperatures 
of 100° F to 120° F are considered de¬ 
sirable, especially in purifier boxes after the 
first box in the series.®-’®® Operation at 
higher temperatures, though theoretically 
advantageous, is not safe because such tem¬ 
peratures may be the result of local over¬ 
heating which destroys the desirable physi¬ 
cal characteristics of the purifying ma¬ 
terial. Schobel mentioned 120° F as a max¬ 
imum safe outlet temperature for purifier 
boxes.’'® 

Humidity and its relation to purifier-box 
operation are also important. Purifier-box 
capacity is impaired by both too high and 
too low humidities. A humidity of 65 per¬ 
cent at 100° F hhs been reported as the 
optimum condition.®'* Higher humidities 
cause the water content of the purifying 
material to become so high that the ma¬ 
terial gets soggy and packs. The water 
content of the purifying material should be 
ke])t around 50 percent for highest capac¬ 
ity.®® Si)ecial apparatus can be used for 
the control of both temperature and hu¬ 
midity.®® 

Alkalinity control or pH control is nec¬ 
essary if the purifying material is to be 
kept in the best condition. The purifying 
material will become acidic in use unless 
the condition is kept corrected. It is com- 

62 Pott, A., Broche, H., and Thomas, H., 
Gluvkauf, 69, 1158-9 (1933). 

esBroi’he, H., U. S. Pat. 2,007,741 (1935). 

04 Huff, W. J., and Mllboiirne, C. G., Proc. Am. 
Gas Assoc., 1030, 856-86. 

6.1 Brttckner, H., Brennstoff-Chem., 17, 21-3 
(1936). 

66 w. C. Holmes and Co., Mitchell, G. P., and 
Keillor, G. E. H., Brit. Pat. 483,758 (1038). 
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mon practice to mix some lime with the 
original purifying material before it is 
placed in the purifier box, especially if the 
original iron oxide contains humic acid, as 
some bog ores do, or other acidic materials. 
At lower pH's, there is a tendency for the 
active iron compounds to revert to less 
active ones. The rate of hydrogen sulfide 
absorption is also lower at lower pH's, al¬ 
though the rate of oxygen absorption is 
not much affected.**^ It is common to per¬ 
mit sufficient ammonia gas to enter the 
boxes to maintain the pH at about 7.0. 
This practice has been described by 
Sweeney and Murphy and in books 
which have been referred to previously. 

Adding air to gas may be necessary 
when the gas as produced does not con- 
tajin enough oxygen to oxidize the hydrogen 
sulfide. It is practically impossible in gas¬ 
making processes to exclude all air. The 
amount of oxygen in the gas produced 
normally depends upon the care taken to 
prevent air admixture, upon the condition 
of the retorts or coke ovens, and upon the 
pressures inside the coke chambers and 
flues. 

Adequate attention should he given to 
the oxygen content of gjus inasmuch 
as that factor is of major importance 
for the 'proi)er performance of purifier 
boxes.'^” Only that oxygen in the gas above 
about 0.4 percent is available for oxidation 
in the purifying material,and it is 
necessary to have sufficient oxygen present 
above this concentration. Hydrogen sul¬ 
fide requires for its oxidation one-half of its 
voliune of oxygen. Thus, if the gas to be 
purified contains 638 grains of hydrogen 
sulfide per 100 cubic feet, or 1 percent by 
volume, the oxygen content required in the 

«7 Bunte, K., Oaa- u. Waaacrfach, 78, 954-9 
(1935). 

68 Murphy, E. J., Proc. Am. Oaa Aaaoc., 1935, 
701-2. 


inlet gas will need to be the sum of 0.5 
percent required for oxidation and 0.4 per¬ 
cent, below which level oxygen is practi¬ 
cally unavailable, or a total of 0.9 per¬ 
cent oxygon. Actually, still higher oxygen 
contents in the gas increase the capacity of 
purifier boxes, since the capacity of the 
boxes is usually limited by the rate at 
which they can absorb oxygen, and not by 
the rate at which they can absorb hydrogen 
sulfide. Within practical limits, the u.se of 
additional air can be resorted to in order 
to maintain purifier-box cai)acity when 
other means of control are not sufticiently 
effective. Adding greater (luantities of air 
to the gas, of course, dilutes the gas and 
may aggravate gum troubles, both of 
which must be considered. 

With, say, four oxide boxes in series, the 
first box is working on gas containing the 
full hydrogen sulfide content. Absorption 
of hydrogen sulfide occurs more rajndly 
than absori)tion of oxygen. Under such 
conditions, the iron oxide becomes highly 
fouled to iron sulfide^—an esj)ecially unde¬ 
sirable condition because it causes reversion 
of the iron to less active forms. If such a 
box that is becoming highly fouled is jilaced 
at the final end of the seri(^ where only 
traces of hydrogen sulfide are in the gas, 
it can alxsorb oxygen from the gas without 
ab.sorbing material quantities of hydrogen 
.sulfide. Gradual oxidation will occur, and 
the purifying material becomes revivified. 
Changing the order of the ])urifier boxes in 
the series at regular intervals, as mentioned 
previously, is commonly practiced in order 
to distribute the sulfur load evenly among 
the bo.\e.s as well as to maintain the jairi- 
fying material in a partially sulfided and 
active form. 

If for some reason a purifier box be¬ 
comes highly fouled and cannot be revivi¬ 
fied by the normal practice of rof£ition, 
it is necessary to revivify the purif 3 dng 
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material by other means. This can be 
clone by actually removing; the jmrifying 
material from the box and storing it in 
the oi)en air until it becomes revivified. 
The fouled jairifying material must be 
watched carefully at such times because it 
often ignites by spontaneous combustion. 
More recently, revivification in situ is be¬ 
coming more common, although it is neces¬ 
sary sometimes to revivify in the old man¬ 
ner occasionally to break up dense zones of 
solid deposits in the purifying material. 
Revivification in situ is accomplished by 
recirculating the same gas continuously 
through the box, meanwhile carefully ad¬ 
mitting enough air for slow oxidation. This 
])ractice should be accompanied by careful 
sui^ervi.sion, because revivification generates 
heat and too rajad revivification will fuse 
the sulfur and actually j)roduce fires within 
the purifying material. There is, also the 
])ossil)ihty of exploMon if the admixture of 
air gets very badly out of control. Revivi¬ 
fication in situ does avoid the laborious 
task of rejilacing jmrifier material in the 
large iiurifier boxes, and also it avoids the 
odor nuisance and fire hazards of revivify¬ 
ing in the oiien air. 

Cdicmical and physical examinations of 
iron oxides have been made with a two¬ 
fold purpose. One is to aid the gas manu¬ 
facturer in the selection and use of the 
most desirable oxide; the other, to aid in 
the manufacture and iirejiaration of suit¬ 
able oxides. There are various empirical 
tests to measure the rate and amount of 
hydrogen sulfide absorjition by the sample 
of iron oxide, and tests for measuring the 
rates of regeneration. Orilinarily, to be 
sufficiently rapid, a test should be kept 
relatively simple; but to be of most prac¬ 
tical value, it should duplicate the condi¬ 
tions encountered in actual use, so that it 
becomes difficult and complicated. In 
practical use of the oxide in a purifier box, 


its behavior while simultaneously absorbing 
hydrogen sulfide and oxygen is of most im¬ 
portance. The varioas methods that have 
been proposed for making tests indicating 
the activity of iron oxides dupli¬ 

cate some plant conditions closely, but it 
is desirable that practical operating data 
be correlated with the results of laboratory 
tests. 

Desirable characteristics of a good oxide 
have been listed by Bruckner and by 
Dotterweich and Huff.^^ A desirable oxide 
should be friable and easily crumbled, not 
elaylike, and its particles should be of mi¬ 
croscopic size. Natural oxides should be 
reasonably free from roots and other or¬ 
ganic matter and humic acids. Acids, of 
course, should be neutralized by a thorough 
mixing with soda ash or lime before the 
oxide i^ used. Huff called attention to the 
greater chemic/tl activity of oxides of col¬ 
loidal size and also some beneficial effects 
of alumina. It has been proposed to im¬ 
prove iron oxide by adding small amounts 
of compounds of cojiper, mercury, and 
lead,'- by admixing active carbon in vari¬ 
ous manners,'^ and by heat treatment with 
wet soda ash.^^ The manner of rusting 
iron borings can be altered to make a su¬ 
perior oxide.^*’^ At one time a byproduct 
of the bleaching industry containing man¬ 
ganese dioxide known as Weldon mud was 
available, and this material to some extent 

69l)unkley, W. A., and Loitcli, R. D., V. 8. 
Hur. Mini’s, Tveh. Paper 332 (1024), 33 pp. 
CurrU*. W. A.. Jr., Gas Worltl. 9», 563-7 (1933). 
Biiiito, K., Briickner, H., mid Leuze, A., Goa- u. 
Wasserfavh, T», (>«0-72, 080-03 (1936). 

70 BrtU'knor. II., ibid., 81. 822-8 (1938). 

71 Dottorweioh, P., and Iliiff, W. J., Oaa Age, 
82. 43-4. 54, 56-8 (1938). 

72BoilinB, E. H., Brit. Pat. 454,175 (1936). 

73 Olln, H., Scarth, V., and Starkweather, W., 
Gas Age-Kecord, 70, 561-4 (1932). Carbonisa¬ 
tion et Cliarbons Actifs, Brit. Pat. 479,410 
(1938). Hene, E., Brit. Pat. 498,734 (1939). 

74 Ruhrehemie A.-G., Ger. Pat. 659,407 (1938). 

76 8myly, A. L., U. S. Pat. 2,045,807 (1936). 
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replaced iron oxide as purifier. Manga¬ 
nese dioxide had acquired a reputation as 
a superior, highly active material, especially 
suitable for removing the final traces of 
hydrogen sulfide from the gas. Special 
purifying materials containing manganese 
have been made, but, because of the rela¬ 
tively low cost of iron oxides, the use of 
manganese does not seem justified except 
under certain special situations. 

When wood shavings are mixed with the 
purifying material, certain types of bac¬ 
teria can thrive inside the purifier box 
while it is in use. Some type.^ of bacteria 
can regenerate hydrogen sulfide from sulfur 
and introduce traces into purified gas, and 
others can also cause caking in the bed of 
purifying material."® Copper sulfate and 
other bactericides have been proposed its 
preventives. 

Other ingredients in coal gas, notably tar, 
naphthalene, and hydrocyanic acid, have 
effects on gas purification in iron oxide dry 
boxes. The effect of tar and naphthalene 
is mainly physical. They coat the active 
iron surfaces with oily layers which pre¬ 
vent the purifying action, and their ac¬ 
cumulation restricts the gas flow and causes 
high back pressures. Hydrocyanic acid 
has a detrimental chemical effect. It usu¬ 
ally combines with the iron to produce 
complex iron cyanides of little or no activ¬ 
ity for removing hydrogen sulfide. Ordi¬ 
narily, a set of purifier boxes removes 
somewhat more than half of the hydro¬ 
cyanic acid from the gas, and the amount 
removed is greater when greater amounts 
of ammonia are used to keep the purifying 
material alkaline.^^ 

If coal gas contains nitric oxide, of im¬ 
portance in connection with the formation 

76 Andf'rsou, G. W., Gas Worlds 01, 54-5 
(1929). Thorne, W. F., Gas J., 209, 370 (1935). 

77 Downing, R. C., Proc. Am. Qaa Aaaoc., 1936, 
699-702. 


of gums in the gas-distribution system, 
nitric oxide is absorbed as well as hydrogen 
sulfide in zones where iron sulfide is being 
formed faster than it is being oxidized. 
Nitric oxide can be again released to the 
gas when revivification of the iron sulfide 
occurs. It is possible to operate imrifier 
boxes in a prescribed manner so as to 
absorb nitric oxide from the gas and to 
avoid subsequently releasing it back into 
the gas.*^® 

The conventional iron oxide dry box has 
disadvantages due to its large size and 
ground-siiace requirement anti because of 
the length of time and amount of labor 
required for changing oxide. Some at¬ 
tempts have been made to design equip¬ 
ment for this process that is more com¬ 
pact and continuous in operation.’® As far 
as known, these modifications have not 
been adopted. 

Thyssen-Leme Tower Purifiers. An¬ 
other modification in design of equipment 
for the dry iron oxide process is known as 
Thyssen-Lenze tower purifiers; these puri¬ 
fiers are in use in a number of Euroi)ean 
gas i)lants. They are designed so as to 
require much less ground space and also 
so that the j)urifying material can be re¬ 
placed in a shorter time. Installations at 
Aldorf, near Aachen, and Duisburg-Ham- 
born, in (lermany have been descril^ed by 
Lenze,®® and the first English installation 
at Wandsworth has been described by 
Crofttogether with an account of re¬ 
sults during about six months of operation. 

An installation to imrify gas with the 
Thyssen-Lenze tower system consists of a 

TsWarU, A. L., und Jordan, C. W., U. S. Pat. 
2,073,083 (1937). 

79 Thau, A., Gaa Age Record, «7. 461 (1926). 
Brady, E. J., U. S. Pat. 1,731,223 (1929). 

80 Lenze, F., and Bordiurdt, A., Gaa- u. Wa«- 
aerjach, 74. 445 9 (1931). 

81 Croft, C. M., Inat. Gaa Engra., Commun. 
212 (1939), 17 pp. 
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number of tall circular towers, with gas 
connections and valves such that the gas 
can be directed in series through the towers 
and the sequence can be altered or “ro¬ 
tated” in the same manner as with series 
of purifier boxes. A vertical section 
through a tower purifier is shown in Fig. 2, 
in which the general construction of these 
towers is evident. Each tower contains a 
number of specially constructed baskets, 
placed one on toj) of another, each contain¬ 
ing either two or four layers of purifying 
materijil. In this illustration, two layers 
are shown. The center of each basket con¬ 
sists of a vertical tube, and when the bas¬ 
kets are in place they form a central ver¬ 
tical tubular contimiation of the inlet gas 
line. There are openings in each of these 
vertical tubular sections so that the inlet gas 
can enter between each i)air of oxide lay¬ 
ers. Part of this gas goes upward through 
one of the layers, and the rest goes down¬ 
ward through the other layer. After leav¬ 
ing the oxide, the gas i)as.ses through open¬ 
ings between the outride rims of the bas¬ 
kets and enters the annular si)ace between 
the outside of the baskets and the wall of 
the tower itself. The gas outlet nozzle 
connects into this annular '^jiace and is in 
the side of the tower about half way be¬ 
tween the toj) and the bottom. 

To install and to remove the baskets, a 
movable crane is ])r()vided. The crane is 
located so that it can be moved into posi¬ 
tion to work on any one of the towers. 
The s])are sets of baskets provideil should 
be ke]it full of fresh oxide so that they 
will be ready for use whenever necessary. 
In order to change purifying material in a 
tower, all that needs to bo done is to by- 
liass the gas around the tower and shut the 
inlet and outlet gas valves, ])urge the tower, 
remove the top ])late of the tower, remove 
and replace the baskets with the crane, and 
close and purge the tower. Croft**’ re¬ 


ported that in practice, 6% hours is re¬ 
quired to change a 22-foot-diameter tower, 
not allowing time for the final purge. To 
include the final purge, an additional Ih 
hours should be added, making a total of 
7% hours. 

In practice, the gas flow through the 
series of towers is handled in the same 



manner as with a series of purifier boxes. 
Also, it is anticipated that, with a tower 
designed as aliove, the sulfur can be ex¬ 
tracted from the spent oxide iti situ.^- 

Still another type of tower purifier has 
been described by Thau.*** In this type, 
jiorous briquets of jiurifying material were 
used. Some of these purifying briquets 
were removed from time to rime from the 
bottom of the tower by a special cell valve, 
and fresh briquets were added to the top 
of the tower through a conventional 
double-bell feeding arrangement. In this 

82 Tliys8en’sclie Gas- ii. Wasserwerke G.m.b.H., 
Brit. Put. 345,880 (1930). 

83 Than, A., Qaa- u. Waaaerfach, 77, 83-5 
(1934) ; Colliery Guardian, 148, 151-3 (1984). 
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manner, the purifying briquets gradually 
descended to the bottom of the tower and 
were removed. Sulfur was extracted from 
the spent briquets, and the briquets were 
again fed to the top of the tower. The 
statement was made later that this de¬ 
velopment was tried on a pilot-plant scale, 
but w’as abandoned.®”* 

Purification of Gas under Pressure. Puri¬ 
fier boxes adapted for hydrogen sulfide re¬ 
moval from gases at 190 pounds per square 
inch pressure were built in the Saar district 
in Germany for the purification of (> mil¬ 
lion cubic feet of gas per day. A descrip¬ 
tion of this installation with ])hot{)graphs 
and drawings of the equij)ment has been 
published by Thau.®'* When hydrogeji sul¬ 
fide is to l>e removed from compressed 
gases, a method frequently used is to \vash 
the gas with water in a packed tower.®-^ 

Recovery of Sulfur from Spent Oxide. 
Sulfur may be recovered from the spent 
purifying material or “spent oxide” when 
its recovery is economical. The three 
methods for effecting this recovery are: 
(1) roasting the spent oxide to form sulfur 
dioxide, usually for sulfuric acid ])ro(Iuc- 
tion; (2) extraction of the sulfur with 
some solvent; and (3) distillation of the 
sulfur from the i^pent oxide. 

Roasting and making sulfuric acid is the 
original method and probably still the 
most common one. When this process is 
to be applied to the spent oxide, it is de¬ 
sirable that a noncomlnistible carrier be 
substituted for wood shavings for mixing 
the original purifying material. Also, a 
porous, granular iron oxide is satisfactory 
without a carrier. The operation of puri¬ 
fier boxes when crushed blast-furnace slag 

84 Thau, A., Gas World, 109, Coking Sect., 
115-8 (1938). 

86 GeHellBcbaft fiir Linde’s Eismachinen A. G., 
Brit. Pat. 286,622 (1927). Korobchanskii, I. E., 
Chimie d induatrie, 20, 1057 (1932). 


serves as a carrier,®® and the use of spent 
oxide for sulfuric acid manufacttire,®^ have 
been described. The ignited residue re¬ 
maining after roasting is worthless as a 
gas-purifying material.®® 

Sulfur has been extracted with the fol¬ 
lowing solvents: (a) ammonium sulfide so¬ 
lution; and (b) organic liquids such as 
carbon disulfide, hydrocarbon oils, and hal- 
ogenated hydrocarbon solvents. Ammo¬ 
nium sulfide and ordinary organic solvents 
have long been known as solvents for sul¬ 
fur. Patentable developments have been 
confined to special manners for their use, 
and to exceptional proiierties of solvents 
that have been developed more recently. 
In general, the use of ammonium sulfide 
may require prolonged extraction and the 
exjwnditure of more heat, because tarry 
impurities retard extraction by aqueous so¬ 
lutions. Carbon disulfide and organic 
liquids wull ordinarily extract both tar and 
sulfur, and the tar w’ill contaminate the 
sulfur. Obviously, tar is much more solu¬ 
ble than sulfur, and a iireliminary extrac¬ 
tion with less solvent wiiich will remove the 
tar can be followed by the regular extrac¬ 
tion to recover the .sulfur, ^'arious tech- 
ni(]ues have been developed for conducting 
this extraction and for the imrification of 
the re.sulting sulfur.®** 

The distillation of .sulfur from siient ox¬ 
ide leaves a residue containing about lo 

l»r<*sbrpy, K. L., Am. Gaa Ammoc., 193«, 698. 
Swppnpy, E. L., ibid., 1936, 69(v 8. 

K7 Ibbotsoii, W. 11., Ind Chvmiat, 4, 513-21 
(1928). 

88 Swppiioy, E. L., and SnndH, A. E., Qaa Age- 
Jtccord, 77, 657-62 (19.36). 

8» Gillpr, F., and I. G. FarbenindiiKtrio A.-(J., 
Gpr. PatH. 565,538 (19.30), 690,173 (1033), 6.37,- 
445 (1936) ; Brit. Pat. 449.911 (1936). Bordo, 
J. A., U, S. Pat. 1,962,051 (1034). Rugg, W. G., 
and Wvll, J. A., Brit. Pat. 414,074 (1934). 
Clay ton, R. H., Williams, II. E., and Avory, II. 
B., U. S. Pat. 2,040,359 (1936). DuPont. F. E., 
U. S. Pat. 2,088,190 (1937). Beattie, R. W., 
U. S. Pat. 2,118,140 (1938). 
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percent of the sulfur in the form of iron 
sulfide.*^^ Different techniques for carrying 
out this distillation and recovery of sulfur 
from spent oxide include the use of steam, 
and distillation in situ by heating a small 
I)art of the gas and passing it through the 
oxide box.^^=^ Methods of prei)aring iron 
oxide purifying materials to withstand dis¬ 
tillation processes without losing their value 
for subsequent use have been studied 

Activated carbon and silica gel 
can be used as purifying material instead 
of iron oxide to remove hydrogen sulfide 
from gases. Sufficient oxygen must also 
be jiresent in the gas, and these comi)ounds 
catalyze the oxidation of the hydrogen 
sulfide to sulfur. The sulfur remains as a 
solid deposit within the catalyst. After the 
sulfur accumulates to an extent tluit inter¬ 
feres with the gas flow, the entire ma.ss i.-^ 
treated to remove the sulfur, and the car¬ 
bon or the silica gel is ready for reui<e. 
Experimental plants have been operated in 
which coal gas is purified by activated car¬ 
bon.’^’ For jtractical oj^eration, about 13 
grains of ammonia i)er 1(X) cubic feet must 
be ])resent for projier functioning of the 
carbon catalyst, and certain hydrocarbons 
that would polymerize within the catalyt^t 
must lie ab.sent. To avoid the troubles 
due to .such Indrocarbons, additional equip¬ 
ment has been nece.ssary for jireliminary 
liurification of the gas. The oyicration be- 

f‘i (iluud, W,. ItrcnnHtnS-Chvm., 8, 108 -9 

(19L>7 ). 

!»i Uollinann. II.. and KnK«*linann, W., U. S. 
Pat. i.92r»,ni;7 (la.'Ui). 

ii-'Zabn and (J.m.b.II.. Fr. Pat. 749.495 

(la.aa). 

Kaffliipr, K., U. S. Put. 1,900.607 (1933). 

i>i Knp'lhardt, A., Oats- u. WdMuerfach, 71t 
L»90-7 (1928) : (JlitckauJ, 7.% 925-33 (1937). 

i'."> I. G. FarbeninduKtrle A.-(t.. Brit. Pats. 
207.018. 282.508 (1920) ; U. S. Pal. 1,984,971 
(1934). Committee on Gas Mannfarture, Gas J.» 
184, 520-7 (1928). 

»«Minor, K. B., nnd ('onnolly, G. C., Brit. 
Put. 280,947 (1920) ; U. S. Pat. 1,895,724 

(1933). 


came rather complicated, and as a result 
this process has not been commercial¬ 
ized for coal gas. For the purification 
of blue water-gas and producer gas used in 
high-pressure synthetic processes, however, 
it is in operation on a large scale. 

OXIDATION OF HYDROGEN SULFIDE TO SULFUR 
OR TO SULFUR DIOXIDE AT ELEVATED 
TEMPERATURES 

Because of the difficulty with the acti¬ 
vated-carbon process at ordinary tempera¬ 
tures due to polymerization of hydrocar¬ 
bons and inactivation of the catalyst, this 
proce.ss has been studied at higher temjier- 
atiires. It lia.s been claimed that at 350® C, 
or above, this troublesome polymerization 
is avoided.*^^ Also, at these higher temper¬ 
atures, there is a tendency to oxidize the. 
hydrogen sulfide to sulfur dioxide. In fact, 
practical develojanents in this direction at¬ 
tempt to convert all the hydrogen sulfide 
to .sulfur dioxide and to recover the sulfur 
dioxide in some manner.®® In the newer 
“'Katasulf’’ process, the hydrogen sulfide is 
oxidized to sulfur dioxide. However, this 
step is followed by a liquid washing process 
in order finally to recover both ammonia 
and sulfur as ammonium .sulfate. For this 
rea.son this process is discussed later under 
simultaneous hydrogen sulfide and am¬ 
monia recovery as ammoniiun salts. 

Another proce.ss to remove and convert 
hydrogen sulfide to sulfur dioxide was de¬ 
veloped by Houdry.’®® It is carried out 
in two steps. The gas is first heated to 

«T Tudd, E. W., Proc. Trans. Nova Scotian 
Intst. Sri., 17, Pt. 2, 12-3 (1928). 

08 l)iH‘yer, K.. Brit. Pat. 473,248 (1937). 

«»BJibr, H., Oan- u. Wasscrfach, 71, 169-73 
(1928) ; U. S. Pat. 1,678,630 (1928) ; Chem. 
Fahrik, 11, 10-20 (1938) ; U. S. Pat. 2.152,454 
(19,39). Wietzol, G., Jnnnick, J., and Pried, F., 
U. S. Pat. 1,782,590 (1931). 

100 Houdry, B., Burt, W. F., Pew, A. E., Jr., 
and Petera, W. A., Jr., Natl. Petroleum News, 
30, R-670-80 (1938). 
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400® C and passed through a chamber con¬ 
taining nickel oxide supported on a porous 
carrier. In this step, hydrogen sulfide is 
removed from the gas to form nickel sul¬ 
fide. The chamber holding the nickel 
sulfide is then removed from the gas circu¬ 
lation and is regenerated by a stream of 
air. The air oxidizes the nickel sulfide to 
sulfur dioxide and nickel oxide. The cham¬ 
ber now containing nickel oxide can be 
used again for the first step to remove hy¬ 
drogen sulfide. For this i)roce.ss it is nec¬ 
essary to have a niiml^er of chambers in 
service so that a chamber of regenerated 
material is always available when neces¬ 
sary. A pilot i)lant has been operated on 
this process, but no commercial installa¬ 
tions have been reported.^”® 

LTQXUD TKOrESSES FOR OXIDATION OF 
HYDROCIKN SULFIDE TO SULFUR 

Liquid processes for hydrogen sulfide re¬ 
moval have been developed in an attenq)! 
to avoid certain drawbacks of the dry 
processes. The iron oxide purifier-box 
process previously described is simple and 
reliable in it> ojieration and is admirably 
suited to small coal-gas plants. The 
amount of ground space required, the ir¬ 
regular need of labor for emjitying and 
recharging the large boxes, am I the low 
value of the recovered sulfur are the jirin- 
cipal disadvantages. Often, when jdant ex- 
I)ansions are contemplated, insufficient 
ground sjjace i> available for enlargement 
of the iron oxide inirifier boxes. Several 
processes utilizing liquids for removing hy¬ 
drogen sulfide have been developed and are 
emijloyed commercial!y. 

Probably the earliest liquid process after 
the original milk-of-lime purifiers was that 
of Hill and Claus in 18S0, who attempted 
to remove hydrogen sulfide by means of 
ammonia li(iuor in a commercial process. 
The early work of Feld and Burkheiser is 


well known. Feld attempted to evolve a 
practical scheme for converting the hydro¬ 
gen sulfide /ind ammonia to ammonium sul¬ 
fate, and his work included an extensive 
study of hydrogen sulfide absorption by 
polythionates and regeneration of the poly- 
thionates with sulfur dioxide. The Feld 
process, aiiplying the above reactions, has 
been described in detail by Wagner; it 
can be employed to recover hydrogen sul¬ 
fide as elemental sulfur and also to recover 
the hydrogen sulfide and ammonia simul¬ 
taneously as ammonium sulfate. Though 
in commercial ofR'ration for a number of 
years, the process was abandoned in favor 
of other methods. Burkheiser attempted 
to recover ammonia as ammonium sulfite 
by means of sulfur dioxide obtained from 
the sulfur produced by removing hydrogen 
sulfide. He used a suspension of iron ox¬ 
ide in a liquid process to remove the hy¬ 
drogen sulfide and obtain the sulfur.'”- 
The work of PVld and Burkheiser was done 
in the early years of this century. Since 
this jiioneer work, many others have 
worked iq)on the subject. 

In the first step of lhirkh(Ms(‘rV ])rocess, 
as above mentioneil, a suspension of iron 
oxide was used to scrub hydro«i(‘n sulfide 
from the gas, and the iron siillide was oxi¬ 
dized by air to obtain (‘lenuMital sulfur. 
Tlie removal of hydrogen sulfide by such 
su.'-iiensions i> very slow. Later work re- 
sultetl in th(‘ dev(‘lopment of me(hods em- 
jdoying susj)ensions in alkaline solutions, 
and of improv(‘d (‘(|uipment to oxidize the 
solution to form sulfur and to .separate 
the free .sulfur by flotation. Such processes 
can use either iron or nick(‘l compounds 
with alkaline solution. 

ini Wa^tMT, F. II., Voal Gan ReniduulH, Mc- 
Ciraw-Illll Uo., Ni>w York. 2ii(l 191K, 

1114 |i|i. 

102 Rolchcl, .T., Stahl u. EIhvh, 33 , 982 7 
(1913). 
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The Ferrox Sulfur-Recovery and the 
Nickel Sulfur-Recovery Processes. The use 
of iron suspensions in alkaline solutions has 
been developed commercially and is known 
as the ferrox sulfur-recovery process; the 
method employing nickel is known as the 
nickel sulfur-recovery process. The iron 
method was developed independently and 
simultaneously in the United States 
and in Germany.^0*^ In the United States, 
soda ash solutions were favored, instead of 


of soda ash containing iron oxide in sus¬ 
pension is pumped over a countercurrent 
gas scrubber packed with wooden hurdles. 
The solution absorbs hydrogen sulfide from 
the gas. mainly to form hydrosulfide from 
the sodium carbonate in the solution: 

Na^COs + HaS = NaHS + NaHCOj 

and to a minor extent to form iron sulfide 
from part of the suspended iron oxide: 

Fe 203 (H 20 );, + 3H2S = Fe2S3(H20)* + 3H20 



the ainmoni.ical Mi>penM()ns u.sed in Ger¬ 
many. 

A number of commercial units were built 
in the United States and a cou]ile in Ger- 
many.^”‘* A flow diagram of the 
United Statc.^ i)roce.ss is shown in Fig. 3; it 
ajiplies to both the ferrox and nickel proc¬ 
esses, the only diff’erence being the chem¬ 
ical composition of the solution. In the 
ferrox process, a weakly alkaline solution 

103 Sporr, P. W., .Tr., Proc. Can. Gaft Assoc., 

224-05; Gas Agv iiecord, 58, 73-6, 80 
( 1020 ). 

104 Mann, M. D., .Tr., and Lebo, R. B., U. S. 
Put. 1,525,140 (1025). 

lOB Gluud, W., and SobOufelder. R., Chem. d 
Met. Eng., 34, 742-3 (1927). 

106 Ferbera, Gas- u. Wasserfach, 71, 1133—7 
(1928). Gluud, W., Klempt, W., and Brodkorb, 
F., Brennstotf-Chem., 11, 28-7 (1930). 


The sulfided solution flows into an aerating 
tank containing submerged cloth-covered 
aerator tubes. Air pumped into the aera¬ 
tor tubes is finely disjiersed and rises 
through the solution in the form of smidl 
bubbles. Raffles .are placed in the aerating 
tank to prevent the inlet solution from 
mixing with regenerated solutioas. By the 
time the solution leaves the outlet end of 
the tank, the hydrosulfldes are oxidized. 
The solution is then pumjied back to the 
gas scrubber. In the aerating tank, the 
hydrosulfide is oxidized mainly to sulfur: 

NaHS + NaHC 03 + iOz 

= Na2C03 + H 2 O + S 

Secondary oxidation of the sulfur to so¬ 
dium thiosulfate also occurs to some ex- 
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tent. The elemental sulfur is formed as a 
very finely divided precipitate and sep¬ 
arates as a froth over the surface of the 
liquor in the aerating tank. As the quan¬ 
tity of sulfur accumulates, the thickness of 
the froth increases until it overflows into a 
sulfur-slurry collecting tank. P'rom here it 
passes to filters and equipment to produce 
commercially desirable forms of sulfur. 

For this process, when the wash liquor 
consists of a suspension of iron oxide in 



Fig. 4. Flow (linjiruin of Gluud’s Iron oxide 
liquid iniritieafion proeess. 

ammonia liquor, Gluud used a tall narrow 
cylindrical tank full of the liquor as an 
aerating tank.'*'^ Figure 4 shows the flow 
in this system. Air from an air compressor 
passes continuously into the bottom of the 
tall aerating tank, 50 or more feet high. 
The solution to be oxidized flows into the 
bottom of this tank, and the oxidized solu¬ 
tion overflows from the top. The sulfur is 
floated by the ascending air in the oxidizer 
and is skimmed from the top of the recir¬ 
culating solution in much the same man¬ 
ner as with the shallow aerator tanks pre¬ 
viously described. It may be noted that, 
in the process as developed by Gluud, the 
main differences from the original American 
practice were the use of (a) ammonia in¬ 
stead of soda ash to provide the alkalinity 
of the solution, (b) an enclosed aerating 
tank and equipment to recover ammonia 


that would otherwise be lost in the air 
leaving the aerator, and (c) tall narrow 
aerator tanks instead of shallow ones, re¬ 
quiring a smaller volume of air but under 
a higher pressure. 

In studying the early accounts of the 
ferrox or iron oxide process,^^'’^' it will 
be noted that the chemistry of the process 
is explained differently. In these earlier 
accounts, it was stated that the iron carries 
the hydrogen sulfide as iron sulfide. Ac¬ 
tually, the amount of iron in siis])ension 
in the circulating liquor is far short of that 
required to carry the hydrogen sulfide. 
The iron does carry a minor amount of 
hydrogen sulfide, however, since it becomes 
sulfided in the foul solution and oxidized in 
the actified solution. The es.‘<ential func¬ 
tion of the iron is to form an oxygen car¬ 
rier or oxidation catalyst that is not de¬ 
stroyed in the normal working of the jiroc- 
ess. Probably the active iron catalyst 
either is an intermediate iron-sulfur-oxygen 
compound, or in scrubbing coal gas con¬ 
taining hydrocyanic acid, may include some 
active iron cyanide com])ound. 

The u.se of nickel compounds instead of 
iron occurred about the same time.’’*’’ Un¬ 
fortunately, nickel forms a soluble, catalyt- 
ically inert compound with hydrocyanic! 
acid, Na 2 Ni(CN) 4 ; and nickel is a rela¬ 
tively exiiensive material. When more 
than 3 or 4 grains of hydrocyanic acid jier 
100 cubic feet are in the gas, the consumj)- 
tion of nickel to form this inert salt makes 
the cost of nickel prohibitive. Conse¬ 
quently, the nickel process has been re¬ 
stricted to the purification of giises of low 
hydrocyanic acid content and has not been 
used for coal gases. 

107 Gluud, W., U. S. Pat. 1,597,904 (1920). 
Morgeu, R. A., Yard, W. S., and RosenHtein, L., 
Can. Pat. 203,221 (1920) ; U. S. Pat. 1,732,90.5 
(1929). Ciindall, K;, N., Chem. d Mvt. Eng., 34, 
148-7 (1927). 
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In all the above processes, utilizing an 
alkaline liquid containing nickel or iron 
compounds as oxidation catalysts, part of 
the hydrogen sulfide is oxidized to thio¬ 
sulfates. Also, any hydrocyanic acid that 
is in the gas is converted to thiocyanates, 
the formation of which consumes part of 
the sulfur. Thiosulfates and thiocyanates 
accordingly accumulate in the solution, and 
they must be removed in some manner. 
These liciuors have found commercial ap¬ 
plication as weed-killers, and it is also pos¬ 
sible to work up such solutions to recover 
pure thiosulfate and thiocyanate. 

The amount of thiosulfate formation is 
a fleeted by such operating conditions as 
temperature and alkalinity of solution. 
The i^rocess can also be operated to con¬ 
vert all the hydrogen sulfide to thiosul¬ 
fate if the conditions are such that this 
is (H'onomically more desiralile. 

Iron cyanide compounds that behave as 
oxygen carriers or oxidation catalysts have 
been briefly mentioned. Study on this sub¬ 
ject has resulted in a technique of actually 
forming an active tyi)e of iron cyanide 
conqdex from ferrous sulfate before the 
iron compound is added to the circulating 
solution.^'”’ A i^roce.ss based on the above 
IS known as the Pieter.s or the Staats- 
mijncii-Otto ])rocess. It is so operated 
that the hydrocyanic acid normally in the 
gas is used to transform further additions 
of ferrous sulfate to the desired iron cy¬ 
anide complex. This process and its op¬ 
eration on a pilot-plant scale have been 
described by Pieters and others.'^® 

losSperr, F. W., Jr., U. S. Pat. 1,841.410 
(ioa2). 

lou PiotpfH, H. A. J., U. S. Pat. 2,109,282 
(1939). 

110 Smith, F. F., and Pryde, D. R., Qaa World, 
100, Coking Soot., 44-0 (1934) ; Chemiatry A 
Jnduatry, 53, 057-9 (1934). Pieters, H. A. J.. 
Vhem. Eng. Congr., World Power Con/., lOStI, 
No. CIO, 12 pp.; Brennatoff-Chem., 18, 373—0 
(1987). 


Electrolytic oxidation has also been at¬ 
tempted for the regeneration of liquids 
for scrubbing hydrogen sulfide from gas. 
A process, as developed by Fischer,^uses 
an alkaline solution containing potassium 
ferrocyanide and ferricyanide. When gas 
is scrubbed with this solution, the ferri¬ 
cyanide oxidizes the hydrogen sulfide to 
sulfur and is itself reduced to ferrocyanide. 

2K.,Fe(CN)6 + n 2 S + 2 X ^003 

= 2K4Fe(CN)8 + 2KHC08 + S 

This reaction occurs in the gas scrubber, 
and, since sulfur ha.s a pronounced tend¬ 
ency at the instant of formation to adhere 
to surfaces, a special mechanical washer i.s 
requirefi to jirevent stoppages from ac¬ 
cumulated sulfur. Electrolytic oxidation 
compared to oxidation by air is relatively 
expensive. In this process sufficient elec¬ 
tric energy is theoretically required to form 
ferricyanide and free hydrogen, not merely 
the smaller amount of energy needed to 
oxidize a hydrosulfide solution. However, 
the unusual purity and value of the sulfur 
produced have been claimed to offset the 
high electric jiower cost and to justify the 
process. An experimental installation was 
built and o])erated at the Hamburg, Ger¬ 
many, gasworks. Electric power consump¬ 
tion was rejiorted to be about 1.8 kilowatt- 
hours i)er pound of sulfur, or about two 
times the theoretical.^'-* Because it is 
necessary to obtain a sulfur of an excep¬ 
tional purity and value to justify the cost 
of electrolytic oxidation, the process has 
not been recommended for coal gases or 
other gases containing oily or tarry in¬ 
gredients."® 

Thylox Process for Svlfur Recovery. In 
the various preceding methods of scrubbing 

111 FlHchpr, F., U. S. Pat. 1,891,974 (1932). 

112 Miiller, H., Oaa- u. Waaaerfach, 74, 653-7 
(1931). 

113 Thau, A., Qaa World, 96, 144-7 (1982). 
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hydroj^en wulfide from gas with liquids and 
oxidizing the fouled liquor to form sulfur, 
alkaline solutions were employed to absorb 
and carry the hydrogen sulfide. The Thy- 
lox process is different in that the solu¬ 
tion contains an essentially neutral thio- 
arsenate salt to carry the hydrogen sulfide. 
This salt absorbs and reacts with hydrogen 
sulfide to make a higher thioarsenate salt, 
that is, a thioarsenate in which more oxy¬ 
gen atoms have been replaced by sulfur. 
The higher thioarsenate salt can be oxi¬ 
dized by aeration; the oxidation produces 
elemental sulfur and converts the arsenic 
compound back to the original thioarsenate 
salt. The solution can then be used again 
for scrubbing hj^drogen sulfide from the 
gas. The Thylox process has distinct ad¬ 
vantages over the methods using alkaline 
solutions with iron and nickel compounds 
in that consumption of alkali to form thio¬ 
sulfate is much reduced and the n'covered 
sulfur is of higher purity. Because the 
Thylox process can be operated in the 
same equi])inent, jirior installations that 
oiierated with the alkaline iron or nickel 
jirocesses have lieen largely converted to 
the Thylox. The first commercial installa¬ 
tion of the Thylox process was at Apple- 
ton, Wis., in BJ2G, All the more recently 
built sulfur-recovery plants have been de¬ 
signed for the Thylox process and are so 
operated. 

The chemistry and the operation of the 
Thylox jirocess have been variously de¬ 
scribed.”® To prepare the original solu¬ 
tion, ordinary arsenic oxide and soda ash 
are dissolved in water in the iiroportion of 
two moles of soda ash to one mole of ar- 

ii4Gollmar, H. A., TJ. S. Pats. 1,719,177, 
1,719,762 (1929). Jacobson, D. L., U. S. Pal. 
1,719,180 (1929). 

115 .Tneobson, D. L., Clas Agv-Rvrnrd, 63, 597- 
flOO (1929). Gollmar, H. A., Ind. Kng. Chem.y 
26. 130-2 (1934). Foxwell, G. K., and Grounds, 

A., J. Inst. Fuel, 12, 281-8 (1939). 


senic oxide. The resulting solution is a 
mixture of sodium carbonates, NaaCOs and 
NaHCO;^, sodium arsenite, NaAs 02 , and 
arsenous acid, H 3 ASO 3 . Upon alternate 
absorptions of hydrogen sulfide from the 
gas and oxidations by aeration, sodium 
thioarsenites are formed and oxidized to 
thioarsenates and the carbon dioxide is ex¬ 
pelled. The final oxidized solution con¬ 
tains sodium, arsenic, and sulfur in the 
liroportions to form the compound Na 4 - 
AsoSrjOo. When gas containing hydrogen 
.sulfide is scrubbed with this solution, one 
gram mole of hydrogen sulfide can readily 
be ab.sorbed per two gram atoms of ar- 
►senic, as would ])c explained by the equa¬ 
tion : 

Na4As2S502 -j- H 2 S == Na4As2S60 -|- H 2 O 

Actually, with more thorough contact and 
at higher temperatures of operation, an 
additional mole of hydrogen sulfide can be 
absorbed. However, this additional ab- 
.sorption is usually not obtained in jirac- 
tice. Upon aeration, sufficient oxygen can 
be ab.sorbed to regenerate the original 
compound and lil)erate elemental sulfur, 
thus: 

Na4As2S6(l "T ^02 “ Na 4 As 2 S 6 G 2 -f- S 

When additions of more arsenic are nec- 
e.ssary to offset los.ses, solutions of arsenic 
oxide in water or in soda ash can be added. 
This freshly added arsenic is converted to 
the active thioarsenate form by a number 
of the alternate sulfidings and oxidations 
that occur in the normal ojicration of the 
jirocess. Sodium thioarsenite, one of the 
intermediate compounds formed ihiring the 
conversion of freshly added arsenic to ac¬ 
tive thioarsenate solution, is stable only 
at low concentrations at the pll of oiierat- 
ing Thylox solutions, and it is important 
that additions of arsenic be made slowly. 
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Otherwise decomposition and precipitation 
of some arsenic sulfide will occur. 

A small part of the sulfur is oxidized 
further to soluble thiosulfates, as in the 
previously descril^ed sulfur-recovery proc¬ 
esses. ^ The tendency of hydrogen sulfide 
to be oxidized to thiosulfate is greater in 
the alkaline solutions of the earlier proc¬ 
esses using soda ash or ammonia. In the 
essentially neutral Thylox solution, only 
around 10 to 15 iiercent of the sulfur forms 
thiosulfates as coni])are(I with 30 to 40 j)er- 
cent forming thiosulfates in the previously 
mentioned processes. Formation of so¬ 
dium thiosulfate consumes soda ash and 
causes thiosulfate to accumulate in the so¬ 
lution. 

Another iiart of the sulfur reacts with 
the hydrocyanic acid in the gas being 
scrubbed to form thiocyanates. The be¬ 
havior of hydrocyanic acid is explained in 
a later paragraph. Sodium thiocyanate 
formation also consumes soda ash, but hy¬ 
drocyanic acid removal from the gas is 
ordinarily considered worth more than the 
cost of the soda ash for its removal. 

It is necessary, of course, that there be 
outlets for thiosulfate and thiocyanate to 
balance the rate of their formation. This 
IS ordinarily done by removing sufficient 
volumes of the solution and adding water. 
If feasible, the solution removed can merely 
be discarded, or, if necessary, it can be 
acidified and filtered to recover its arsenic 
as arsenic sulfide 1 adore being discarded. 
Any arsenic sulfide so recovered is redis¬ 
solved in soda ash and used to make sub¬ 
sequent arsenic additions to the purifica¬ 
tion system. 

Although the above description and ex¬ 
planations have been on the basis of using 
soda ash and sodium salts in the Thylox 
process, they also apjily in jirinciple to the 
use of ammonia, the corresponding ammo¬ 
nium salts being formed Coal gases, of 


course, contain ammonia, and sufficient am¬ 
monia can be added to the Thylox process 
from this source either by partially bypass¬ 
ing the ammonia-removal equipment or 
else by using concentrated ammonia liquor 
made from the ammonia still vapors. Most 
of the Fjuropean installations have em- 
jiloyed ammonia and have claimed reduced 
operating costs because of the lower e(|uiv- 
alent value of ammonia. 

The ojicration of the Thylox process is 
'^hown in the flow diagram. Fig. 5. The 
gas is scrubbed in a countercurrent tower 
packed ordinarily with wood hurdles. The 
solution ])assmg therethrough absorbs hy¬ 
drogen sulfide from the gas. Incidentally, 
the solution also absorbs any hydrocyanic 
acid that is in the gas, and this material 
is largely held merely by virtue of its 
physical solubility in afjueous solutions. 
From the bottom of the gas scrubber, the 
solution is pumiied into tall aerating 
towers, called thionizers. Compressed air 
flow’s into the bottom of each thionizer and, 
in rising through the solution, oxidizes the 
sulfided tliioarsenate and generates sulfur. 
Generating sulfur in the jircsence of hydro¬ 
cyanic acid incidentally converts all that 
material to sodium tliiocyanate. The rising 
air bubbles in the thionizers simultaneously 
entangle the elemental sulfur particles and 
cause them to rise to the top surface of 
the liciuid in the form of a sulfur-bearing 
froth. The liquid level in the thionizer is 
maintained slightly low’er than the level of 
a dam over which the sulfur-bearing froth 
overflow's. The liquid leaving the toj) of 
the thionizer becomes regenerated during 
its upward flow through the thionizer. 
The regenerated solution then flow’s to the 
top of the gas scrubber for further hydro¬ 
gen sulfide absorption. 

Figures 6 and 7 show^ two coimnercial 
installations of the Thylox process. Figure 
6 is at the plant of the Boston Consoli- 
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dated Gas C()mi)any in Boston, Mass. At 
the right is a group of six thionizers ar¬ 
ranged in a circle under a common sulfur- 
froth skimming tank at the top; at the 
left are the two gas scrubbers. 

The installation of the Hudson Valley 
Fuel Company at Troy, N. Y., is shown 
in Fig. 7. The sulfur-slurry tank on the 
roof of the sulfur-handling building ap¬ 
pears in the foreground with a stream of 
sulfur slurry flowing into it from the top 
of the thionizer. Behind the thionizer can 
be seen the top of the g.'is scrubber. 

The completeness of hydrogen sulfide re¬ 
moval depends upon the design of the 
equipment and especially upon the amount 
of scrubbing surface in the gas scrubber. 
Actified Thylox solution has a definite but 
very tiny vapor i)ressure of hydrogen sul¬ 
fide, which corresponds to around 0.2 to 
0.3 grain of hydrogen sulfide per 1(X) cubic 
feet of gas. With adequate design, the 
process can reduce the hydrogen sulfide 
content of the gas so that the gas passes 


the empirical lead acetate paper test. Most 
plants have been designed, however, for 90 
to 96 i)erccnt removal of the hydrogen sul¬ 
fide. Several commercial plants have been 
built in America, Europe, and Japan to 
recover sulfur from gas by the Thylox 
process; they are listed in J'able IV. 

Sulfur is recovered from the sulfur-bear¬ 
ing froth overflowing from the top of the 
thionizer into the sulfur-slurry tank. Proc- 
evssing of the sulfur from this point dei)endH 
upon how the sulfur is to be later used. 
Thylox sulfur may be marketed in several 
forms, such as a wet paste for agricultural 
sprays, a dry sulfur dust also for agric\d- 
tural use and cast crude sulfur, and also 
as a redistilled purified sulfur suitable for 
any purpose ^ requiring the pure element. 
In the United States, there is little in¬ 
centive to produce a vsulfur that competes 
with the inexi)ensive native Texas and Lou¬ 
isiana brimstone. The sulfur as originally 
recovered is a precipitated material of 
high chemical activity and of extremely 
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TABLE IV 

Thylox Gas Purification Plants in Opera¬ 
tion IN 1942 FOR Sulfur Recovery from 
Coal Gas 

Capacity 

Pounds of 
Thousand Sulfur Re- 
Cubic Feet moved from 
Location per Day Gas per Day 

United States 


Appleton, Wis. 

1,300 

600 

Baltimore, Md. 

18,000 

9,000 

Boston, Mass. 

45,000 

15,000 

Racine, Wis. 

10,000 

3,500 

Rochester, N. Y. 

20,000 

7,500 

St. Tx)uis, Mo. 

12,000 

5,700 

Troy, N. Y. 

16,000 

8,000 

Waukegan, Ill. 

3,500 

1,400 

Total 

125,800 

50,700 

Germany 

Gross Ilsede near Peine 

9,400 

8,400 

Ewald Fortsetzung, 
near Rechlinghausen 

8,500 

'4,700 

Dortmund 

14,000 

10,600 

Dortmund 

17,500 

13,200 

Gelsenkirken-Schalke 

28,000 

12,500 

Datteln 

8,500 

5,600 

Datteln 

6,800 

4,600 

Konig Ludwig near 
Rechlinghausen 

17,500 

9,000 

Bonen, near Unna 

9,500 

4,800 

Total 

119,700 

73,400 

Japan 

Ube, Yamaguchi 

13,000 

6,500 

Kyusyu, Yamaguchi 

8,000 

(estimated) 

4,000 

Total 

21,000 

10,500 

Grand total 

266,500 

134,600 


In addition to the above some installations 
may be operating in Russia about which infor¬ 
mation is unavailable. Also, there are a num¬ 
ber of Thylox plants recovering sulfur from 
gases other than coal gas, as follows: 


Thousand Cubic 
Feet of Water 
Gas per Day 


United States 

Belle, W. Va. 75,000 

Brooklyn, N. Y. 12,000 

Seattle, Wash. 9,000 

Japan 

Hikoshima, Yamaguchi 3,500 

Toyokoatsu, Yamaguchi 17,600 


small particle size, and applications that 
take advantage of these properties have 
been developcd.^^® To study its use as an 
agricultural spray, several extensive field 
tests were made covering a period of sev¬ 
eral years.^^^' As a result of this work, 
it has been shown that sulfur produced by 
this process is an exceptionally good ma¬ 
terial for agricultural use as a fungicide, 
and most of the Thylox sulfur produced in 
the Umted States is now being devoted to 
this purpose. In Europe, more emphasis 
has been placed on the recovery of sulfur 
itself to avoid the necessity of importation 
of sulfur and sulfur ores. Consequently, 
in the Euroj^ean plants, the sulfur is usu¬ 
ally melted and distilled to recover a pure 
product for general industrial use. 

For the preparation of agricultural sul¬ 
fur paste and dust, the sulfur slurry is first 
filtered and washed free from salts. In 
Fig. 8 is shown, the filter in operation at 
the Troy, N. Y., plant. The wet sulfur 
paste from the filters can be mixed with 
other ingredients for spraying that may be 
required and shipped as such to the user. 
When it is desired to produce a sulfur dust, 
the wet sulfur paste can be dried under 
controlled conditions and converted to a 

iislIayiiPS, J. D., Soil Sci., 25. 443-6 (1928). 
D(* Ong, E. R., J. Econ. Entomol., 22, 865-73 
(1929). 

117 Sauchclli, V., Ind. Eng. Chem., 25, 863-7 
(1933). 

118 Jacobson, D. L., Chem. Markets, 28, 868 
(1931). 
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Fkj. 8. Sulfur paste coming off coiitinuouH filter, Thylox proceits plant of Hudson Valley Fuel 
Company, Troy, N. Y, 


dry powder. The product retains the ad¬ 
vantages of the small particle size and the 
high chemical activity of precipitated sul¬ 
fur produced in this manner. Figure 9 
shows a view in the room containing the 
equipment for preparing sulfur dust and 
sulfur paste at the Boston plant. 

If a sulfur for industrial applications is 
to be made, the Thylox sulfur is usually 
melted and cast into blocks.^^® This op¬ 
eration is ordinarily performed in an auto¬ 
clave under pressure, because the melting 
point of sulfur is above the boiling point 
of water. When melted, the sulfur paste 
divides into two liquid layers, with the 
water on top and the heavier melted sul¬ 
fur at the bottom. The melted sulfur is 


cast in cooling pans to produce a crude 
sulfur that can replace brimstone for uses 
not requiring too high purity in respect to 
arsenic and organic-matter contents. 

In Europe, as above mentioned, the sul¬ 
fur is usually distilled to make a pure 
product. The melted sulfur produced in 
the autoclave described in the preceding 
paragraph is charged to a fire-heated cast- 
iron retort connected to a condenser. At 
the beginning of the distillation, reactions 
occur between the sulfur and the organic 
impurities of the sulfur that form carbon 
disulfide and hydrogen sulfide. The first 
sulfur that distils consequently contaias 
these compounds as impurities together 
with some organic matter that had not yet 
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Fio, 9. Sulfur proceBsing room of the Boston Consolidated Gas Company, Boston, Mass. 


been completely destroyed by reacting with The organic matter in the first runnings 

sulfur. However, these impurities distil off that had escaped being destroyed by re- 

completely with a small amount of first acting with the sulfur in the first distilla- 

runnings, after which most of the sulfur tion is ultimately destroyed in succeeding 

distils as a pure material. The first run- distillations. The products, hydrogen sul- 

nings containing the impurities are re- fide and carbon disulfide, eventually escape 

charged to the retort with the next batch, as uncondensed vapors from the condenser. 
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HYDROGEN SULFIDE REMOVAL BY ABSORPTION 
AND DESORPTION 

If, when hydrogen sulfide is absorbed by 
a liquid, a proportion of the hydrogen sul¬ 
fide exists in the liquid in the form of 
physically dissolved hydrogen sulfide, the 
solution has a hydrogen sulfide vapor pres¬ 
sure and is capable of transmitting hydro¬ 
gen sulfide back to a gas. This princiide 
was probably first applied in 1880 by Hill 
and Claus, who scrubbed hydrogen sulfide 
from gas by means of an ammonia liquor 
and heated the liquor to expel the hydro¬ 
gen sulfide. Since that time much work 
has been done on the use of ammoniacal 
liquors to remove hydrogen sulfide, largely 
because the original simple process had 
many practical drawbacks that prevented 
commercial operations. For this reason, 
the processes involving mere absorption 
and desorption are discussed before dhe 
processes using ammonia. 

In general, all absorption processes in 
which vapor pressures of the absorbed com¬ 
pound occur in the liquid require counter¬ 
current gas scrubbers.' Similarly, desorp¬ 
tion or the sweeping out of the dissolved 
component with another vapor or gas also 
requires countercurrent equipment. Coun¬ 
tercurrent gas scrubbers and desorbers are 
usually either bubble-plate columns or 
packed towers. The principles of such 
processes are explained in reference books 
on the subjects.”** The theory is largely 
mathematical and physical, and a study of 
the reference books will reveal that there 
are definite relationships between liquor 
rate, gas rate, solubility of absorbed con- 

119 Badger, W. L., and McCabe, W. L., Ele¬ 
ments of Chemical Engineering, McGraw-Hill 
Book Co., New York, 2nd ed., 1936, 660 pp. 
Sherwood, T. K., Absorption and Extraction, 
McGraw-Hill Book Co., New York, 1937, 278 pp. 
Perry, J. H., et al., Chemical Engineers* Hand¬ 
book, McGraw-Hill Book Co., New York, 2nd ed., 
1941, 3029 pp. 


stituent, size of gas-contacting towers, and 
degree of absorption or desorption of the 
dissolved constituent. A typical application 
of absorption and desorption is found in 
the ordinary oil-washing process for re¬ 
covering light oil from coal gas or for the 
recovery of gasoline from natural gas. The 
light-oil vapors are absorbed from the gas 
in a countercurrent scrubbing tower, and 
the absorbed vapors are stripped or de¬ 
sorbed from the wash oil by a current of 
steam usually in a bubble-plate column. 

Liquids for absorbing hydrogen sulfide 
from gas need to have absorbing powers 
wuthin certain practical limits. When the 
absorbing power is too low, the amount 
of liquid required per 1,000 cubic feet of 
gas is too high and pumping costs are ex¬ 
cessive. The solubility of hydrogen sulfide 
in water, for example, is such that theo¬ 
retically a water rate of 3,000 gallons and 
practically a water rate of about 4,000 gal¬ 
lons per 1,000 cubic feet would be required. 
Thi.s huge liquid volume is definitely im¬ 
practical except under unusual conditions. 

To enhance the solubility of hydrogen 
sulfide in water, solutions of mildly alka¬ 
line materials arc used. The dissolved hy¬ 
drogen sulfide undergoes partial dksocia- 
tion in the liquid. The solubility of gases 
under such circumstances is exjilained by 
equilibrium diagrams of the following 
type: 

H 2 S : HaS 7=± H+ + HS" 

Gaaeoufe phiiHP Liquid phase 

liy the law of mass action, the equilibrium 
hydrogen sulfide concentration in the gas¬ 
eous phase is proportional to the concentra¬ 
tion of nonionized hydrogen sulfide in the 
liquid phase. In the liquid phase, ioniza¬ 
tion to form 11+ and HS“ ions occurs until 

120 Taylor, II. S., Treatise on Physical Chem¬ 
istry, I). Van Nostrand Co., New York, 1925, 
p. 848. 



HYDROGEN SULFIDE REMOVAL BY ABSORPTION AND DESORPTION 983 


equilibrium between these ions and nonion- 
ized hydrogen sulfide is established. Con¬ 
sequently the concentration of nonionized 
hydrogen sulfide is but a fraction of the to¬ 
tal hydrogen sulfide content of the solution, 
and the hydrogen sulfide solubility is greater 
than that of water. For example, if Mm) of 
the total hydrogen sulfide content of the so¬ 
lution is in the form of nonionized hydrogen 
sulfide, the solubility of hydrogen sulfide in 
the solution would be 100 times as great as 
the solubility of hydrogen sulfide in water. 

The equilibrium between nonionized hy¬ 
drogen sulfide and the ions HS- and H + 
is expressed by the dissociation constant of 
hydrogen sulfide, Xujs. The dissociation 
constant is defined mathematically by the 
equation 

(H+) X (HS-) 

(iW ■ 

in which (H-t), (HS~), and (H 2 S) are the 
concentrations in moles jier liter of the ions 
H+ and HS-, and the nonionized hydro¬ 
gen sulfide, respectively. This equation can 
be transposed thus: 

.(H2S) (H-^) 

(HS ) K 112 S 

The first part of the last eciuation, , 

is essentially the jiroportion of the total dis¬ 
solved hydrogen sulfide that exists in the 
form of nonionized hydrogen sulfide, since 
(ILS) is very small numerically comjiared 
to (IIS -). This proportion depends on the 
hydrogen-ion concentration as shown in the 
second half of the equation. Consequently, 
if the alkaline material dissolved in the 
water is such that the hydrogen-ion con¬ 
centration is buffered at Moo the value of 
the dissociation constant of hydrogen sul¬ 
fide, Moo of the total dissolved hydrogen 
sulfide will exist in the solution as noiiion- 
ized hydrogen sulfide. The solubility of h}"- 


drogen sulfide in the solution will then be 
100 times that in water, disregarding the 
comparatively slight effect of the ionic 
strength of the solution. For such a solu¬ 
tion, a circulation rate of but 40 gallons per 
1,000 cubic feet of gas would be necessary 
for hj'drogen sulfide removal, which is a 
l)ractical rate. 

The dissociation constant of hydrogen sul¬ 
fide is given in the literature as 0.91 X 10-^ 
at 25° C. An alkaline solution such as de¬ 
scribed above would need to be buffered at 
a hydrogen-ion concentration of 1/100 X 
0.91 X 10or 0.91 X 10 ”, or a pH of 
ai)proximately 9.0. Hence, the selection of 
a suitable alkaline solution is merely the 
choice of a material that buffers the pH at 
a value not too far from 9.0. 

In general, alkaline buffers are either (1) 
salts of strong bases and weak acids which 
may contain some excess of the weak acid, 
or (2) solutions of weak bases which may 
contain salts thereof with acids. With salts 
of strong bases and weak acids, buffer ac¬ 
tion is strongest when the hydrogen-ion 
concentration is about equal to the disso¬ 
ciation constant of the weak acid; and with 
weak bases the buffer action is strongest 
when the hydroxyl-ion concentration is 
about equal to the ilissociation constant of 
the weak ba.se. The hydroxyl-ion concen¬ 
tration of atpieous solutions is about 1 X 
1 ()-•■' when the of the solution is 9.0. 
A desirable alkaline {solution for hydrogen 
sulfide removal from gas would accordingly 
be one of the following two groups: (1) a 
salt of a strong base and a weak acid 
whose dissociation constant is not too far 
from 1 X 10-^’; or (2) a weak base whose 
dissociation constant is not too far from 
1 X 10-5. 

Practically, alkali carbonates, borates, 
phosphates, and alkali salts of organic acids 
such as idienol, substituted phenol such as 
cresols, phenolsulfonates, chlorophenols and 
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nitrophenols, and amino acids are in the 
first category, which can be determined 
merely by measuring the dissociation con¬ 
stants or looking them up in the literature. 
Ammonia and almost all the stronger or¬ 
ganic bases are in the second category. 
Reference books contain extensive lists of 
dissociation constants including many of 
the above.^-^ 

Seaboard Soda Liquid Purification Proc¬ 
ess. For the removal of hydrogen sulfide 
by absorption and deHor])tion with alkaline 
solutions, soda ash is i)rol)ably the cheapest 
alkaline material for the solution and air is 
the cheapest and most available gas for de¬ 
sorption. The process developed on this 
basis is known as the Seaboard soda liquid 
purification process. The first installation 
on a plant scale was in the year 1920, and 
the process and this installation have been 
thoroughly described by Sperr.^-*-^ Because 
of its extreme simplicity and low operating 
cost, the process has found wide favor for 
removing hydrogen sulfide from various 
types of gases including coal gas, water gas, 
natural gas, and oil-refinery gas. More 
than fifty commercial installations have 
been built. 

In this process, a solution of approxi¬ 
mately 3.0 to 3.5 percent sodium carbonate 
is ordinarily used. The solution rate re¬ 
quired depends somewhat upon the degree 
of purification required, the amounts of hy¬ 
drogen sulfide and carbon dioxide in the 
gas, and the amount of air employed for 
actification or desorption. Within the range 
of conditions usually encountered in the 
purification of coal gases, the necessary so¬ 
lution rate is between 60 and i50 gallons 
per 1,000 cubic feet of gas. The air rate 
required for actification also depends on the 

121 Laudolt-BoruBtein, Phyalkalittch-Chemische 
Tabellen, Julius Springer, Berlin, 1923. 

122 Sperr, F. W., Jr., Proc. Am. Gaa Aaaoc., 
1021, 282-864. 


same conditions and is usually between 1.5 
and 3 times the gas volume. The outlet 
air, which contains the hydrogen sulfide re¬ 
moved from the gas, may be objectionable 
because of its odor. For this reason, the 
air is led either into a tall stack so that it 
will become highly diluted before returning 
to ground level, or else to some units re¬ 
quiring air for combustion, such as steam 
boilers, gas producers, or coke-oven under¬ 
firing flues.^^^ 

The construction of equipment for this 
process can be extremely compact. Plants 
can be built having but one tall tower, with 
an air fan and solution pump. The tall 
tower is divided so that about one-half is 
used for the gas scrubber and one-half for 
the actifier and some space is left in the 
bottom for a pumping tank. A flow dia¬ 
gram of the Seaboard soda liquid purifica¬ 
tion process is shown in Fig. 10. Figure 11 
shows an installation for this process for 
removing hydrogen sulfide from coal gas at 
the plant of Citizens Gas and Coke Com¬ 
pany, Indianapolis, Ind. The tall tower 
with the stack along the upper half is the 
combined absorber-actifier tower containing 
the pumping tank in its base as shown in 
Fig. 10. 

In addition to hydrogen sulfide, this so¬ 
lution removes hydrocyanic acid from the 
gas. In the actifier, or desorber, the hydro¬ 
cyanic acid is largely converted to thiocy¬ 
anate by the oxygen of the air and the hy¬ 
drosulfides in the solution. Incidentally, 
the air oxidizes a small i)art, usually around 
5 percent, of the hydrogen sulfide to thio¬ 
sulfate. As both thiocyanate and thiosul¬ 
fate formation consumes soda ash, it is nec¬ 
essary to add fresh soda ash to the system 
from time to time. Unless sufficient solu¬ 
tion is lost mechanically or actually dis¬ 
carded, thiosulfates and thiocyanates will 

123 Jacobson, D. L., Gaa Age-Record, 03, 805- 
900 (1929). 
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accumulate to undesirable levels. Because 
the solution is made from the very cheap 
alkali soda ash, discard or loss of solution 
is an almost insignificant item of expense. 
These solutions have some value because of 


Air ^ 

Outn 




Pig. 10. Flow diagram of the Seaboard Koda 
liquid purification proccKK. 

their thiocyanate content and instead of 
being discarded they can be utilized by cer¬ 
tain chemical manufacturers. 

A possible modification of the Seaboard 
soda process is to combine it with final 
cooler operation at coke plants.^^^ To do 
this, the regular final cooler serves also as 
a hydrogen sulfide absorber. Soda ash is 

i24Sperr, P. W., Jr., U. S. Pat. 1,961,255 
(1934). 


added to the liquor recirculation, and the 
fouled liquor is passed as usual through a 
cooling tower through which air is blown. 
Because the scrubbing surface is ordinarily 
limited in the design of final coolers, this 
method is not employed for a high degree 
of hydrogen sulfide removal. However, it 
serves as an extremely valuable emergency 
means for reducing the load on the regular 
purification system at times of excessive 
peak loads or when mechanical changes are 
being made. 

Vacuum Carbonate Process. If the re¬ 
covery of the desorbed hydrogen sulfide is 
desired, steam can serve as the actifying or 
desorbing gas.^-^*^ The steam leaving the 
actifier can then be condensed and sepa¬ 
rated from the hydrogen sulfide gas. The 
solution can be actified under atmospheric 
pressure, 37 pounds of steam being re¬ 
quired to produce about 1,000 cubic feet of 
vapor for desorption; or it can be actified 
under a partial vacuum as at 5 inches of 
mercury absolute, in which event only 7 
pounds of steam is required to produce 
about 1,000 cubic feet of vapor. The vac¬ 
uum carbonate process for hydrogen sulfide 
recovery utilizes the steam economy thus 
obtainable under a partial vacuum. 

Figure 12 shows the flow diagram of this 
process. The general principles of the pre¬ 
viously described Seaboard soda process 
and the vacuum carbonate process are simi¬ 
lar, both being absorption-desorption proc¬ 
esses. The differences between the two are 
(1) that steam at a reduced pressure is the 
desorbing vapor instead of air, and this 
steam is generated by boiling the liquid in 
the base of the actifier; (2) condensers are 
placed in the vapor lines leaving the actifier 
to condense the steam and separate it from 
the hydrogen sulfide; (3) a vacuum pump 

125 Sperr, P. W., Jr., and Hall, R. B., U. S. 
Pat. 1,533,773 (1925). Powell, A. R., U. S. Pat. 
2,242,323 (1941). 
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Fig. 11. Seaboard soda liquid purification plant of Citlsseiis Gas and Coke Company, Indianapolis, 

Ind. 
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IS operated to maintain the desired vacumn 
on the system and to deliver the recovered 
hydrogen sulfide to equipment for its utili¬ 
zation, (4) actification occurs at a higher 
temperature and coolers are ordinanly re¬ 
quired on the actified solution; (5) since 
there is no oxygen in the actifier, the hy¬ 
drocyanic acid remains unchanged and is 
recovered along with the hydrogen sulfide, 
and (6) oxidation to form thiosulfate and 
thiocyanate does not occur 
Actification at higher temperatures intro¬ 
duces a new condition, which needs some 
theoretical discussion However, actifica¬ 
tion under vacuum occurs at only slightly 
higher temperatures around 60® C, and the 
effect of temperature is not as significant as 
it is with processes not under vacuum that 
actify at about 100® C Accordingly, the 


theoretical discussion of the effect of tem¬ 
perature will be deferred until the section 
m which processes using steam for actifica¬ 
tion are described 

For the present it can be stated that 
there are essentially two effects of the 
slightly higher temperatures of vacuum ac¬ 
tification One is that a somewhat smaller 
volume of \ apors for desorption is required, 
and the other is that slightly more carbon 
dioxide IS expelled from the solution dunng 
actification This second effect decreases 
the bicarbonate content of the solution until 
carbon dioxide desorption balances carbon 
dioxide absorption from the gas The de¬ 
creased bicarbonate content of the solution 
and the consequently higher normal car¬ 
bonate content causes the hydrogen sulfide¬ 
absorbing power of the solution to increase 
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and permits operation with much lower so¬ 
lution pumpmg rates 
Carbon dioxide absorption in practice is 
very slow compared with hydrogen sulfide 
absorption Since gas scrubbers are nor¬ 
mally designed for the more rapid hydro¬ 
gen sulfide absorption, they have insuffi¬ 
cient &crubbing surface to absorb much 
carbon dioxide Thus, m the commercial 
application of the hot vacuum soda process 
for hydrogen sulfide recovery from coal gas, 
about one-seventh of a volume of carbon 
dioxide is removed from the gas per vol¬ 
ume of hydrogen sulfide 
As previously mentioned, the vacuum 
carbonate process recovers gaseous hydro¬ 
cyanic acid from the coal gas along with 
the hydrogen sulfide Cyanogen in this 


chemical form has a high value and may 
even have a greater value than the hydro¬ 
gen sulfide Consequently, the simultaneous 
recovery of cyamdes is a major factor in 
connection with this process. 

Figure 13 shows a commercial installa¬ 
tion, in which 22 million cubic feet of coke- 
oven gas is treated per day at the plant 
of the Pittsburgh Coke and Iron Com¬ 
pany. 

Processes Using Steam for Actification 
From previous discussion of the general 
theory of absorption and desorption proc¬ 
esses for hydrogen sulfide removal, it is ob¬ 
vious that any alkahne solution buffered not 
too far from a pH of 9 0 can be used In 
addition to soda ash, several solutions 
have been proposed, including potassium 










prcx:esses using steam for actification 


borate,ethanolamines ajid diaminopro- 
panol,^®^ sodium phenolate ^ 2 ® and salts 
of substituted phenols, potassium phos¬ 
phate,^ and the sodium salt of thd amino 
acids.^®® The above solutions have been 
studied on a pilot-plant scale and some 
are in commercial use for other gases but 
not, as far as known, for hydrogen sulfide 
recovery from coal gas. Those employed 
commercially on other kinds of gas are dis¬ 
cussed separately in the sections immedi¬ 
ately following. In general, when gases 
contain hydrocyanic acid, as coal gas does, 
it is difficult to avoid entirely the formation 
and accumulation of compounds formed by 
the reaction of hydrocyanic acid with the 
solution. This necessitates either a pre¬ 
liminary removal of hydrocyanic acid from 
the gas or some treatment of the solution 
for the removal of the cyanogen com¬ 
pounds or regular discard of sufficient quan¬ 
tities of the solution. These considerations 
have discouraged the use of solutions con¬ 
taining more expensive materials. 

Processes utilizing steam for actification 
at essentially atmospheric pressure operate 
at 100® C or above in the actifier. The 
effect of temperature on the operation of 
such processes is important. The absorp¬ 
tion-desorption process in which the tem¬ 
perature in the absorption step approxi¬ 
mately equals the temperature in the de¬ 
sorption step requires a desorption vapor 
volume about 1.5 to 3 times as great as the 
volume of the gas purified. When desorp¬ 
tion occurs at around 100° C, the required 
volume of desorption vapors may be much 
less than that. 

i26Brngg, G. A., U. S. Pat. 1,920,626 (1933). 

127 Bottoms, R. R., U. S. Pat. 1,783,901 (1930). 

128 Shaw, J. A., U. S. Pat. 2,028,124 (1936). 

129 Rosensteln, L., and Kramer, G. A., U. S. 
Pat. 1,945,163 (1934). 

laoBahr, H., and Mengdehl, H., U. S. Pat. 
1,990,217 (1936). 


The volume of desorption vapors required 
at the higher temperature, say 100® C, is 
directly proportional to the effect of the in¬ 
creased temperature on the solubility of hy¬ 
drogen sulfide. For example, if the solubil¬ 
ity of hydrogen sulfide in the solution at 
100® C is one-tenth as great as that at ab¬ 
sorber temperature, the required volume of 
desorption vapors will likewise be one-tenth 
as great. This is evident from the accepted 
method of interpreting absorption and de¬ 
sorption tower performance by vapor-pres¬ 
sure graphs with an operating line.^®^ If 
the hydrogen sulfide vapor pressure of the 
solution were ten times as great and the or¬ 
dinates or vapor-pressure scale are changed 
to read ten times as great, the positions of 
the vapor-pressure line and the operating 
line would not change, and the number of 
theoretical plates required in the column 
would not change. Changing the vapor- 
pressure scale in this way indicates that the 
hydrogen sulfide content of the desorption 
gas is increased tenfold, or in other words 
that its volume has been reduced to one- 
tenth. The effect of the higher temperature 
of actification on the required volume of 
desorption vapor, steam, is thus che same 
as the effect on the solubility of hydrogen 
sulfide. The solution used for absorbing 
sulfide should be of such a type that its 
solubility for hydrogen sulfide is greatly 
reduced by higher temperatures. 

The solubility of hydrogen sulfide in al¬ 
kaline solutions as previously explained is a 
combined function of (1) solubility of hy¬ 
drogen sulfide in water, or in water con¬ 
taining dissolved solids; (2) dissociation 
constant of hydrogen sulfide; and (3) the 
hydrogen-ion concentration in the solution. 
Since temi)erature affects all three, its effect 
on each will be discusvsed separately. 

That hydrogen sulfide is less soluble in 

131 See Perry, J. H., et al., p. 1166 of ref. 119*. 
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hot water than in cold water, like almost 
all gases, is well known. Its solubility at 
100® C is roughly one-third that at 25° C. 
For this reason, increased temperature 
tends to decrease the volume of desorption 
vapors required to about one-third. 

The effect of temperature on the disso¬ 
ciation constant of hydrogen sulfide, A'H 28 f 
is of importance, since this constant changes 
materially with temperature. At higher 
temperatures, becomes greater, which 
means that H 2 S is more acidic at higher 
temperatures. The exact value of Kfus at 
100 ® C is not available, but extrapolation 
of data available at lower temperatures in¬ 
dicates that the dissociation constant is four 
times as great at 100° C as at 25° C. Con¬ 
sequently, the change in the dissociation 
constant of hydrogen sulfide at 100 ° C tends 
to increase the solubility of hydrogen sulfide 
about fourfold, and this effect is sufficient 
to somewhat more than offset the effect of 
temperature on solubilities in water. Thus 
the first two of the three factors mentioned 
are in opposite directions and are of about 
the same magnitude so that they essentially 
neutralize each other. 

The effect of temperature on the hydro¬ 
gen-ion concentration in the solution, which 
is the third factor listed above, is the 
remaining and the significant effect to be 
considered. With solutions of salts of weak 
acids with strong bases, the effect of tem¬ 
perature is to change the dissociation con¬ 
stant of the weak acid and to change the 
hydrogen-ion content in the same propor¬ 
tion. A desirable solution would be one 
with a weak acid whose dissociation con¬ 
stant increases most with increased tem¬ 
perature. With solutions of weak bases, 
the hydroxyl-ion content is proportional to 
the dissociation constant of the weak base 
and the hydrogen-ion content is equal to 
the dissociation constant of water divided 
by the hydroxyl-ion content, or 


(H+) = 

^ ^ (OH-) 

The effect of temperature on KBto is rather 
great; at 100° C it is about fifty times as 
large as at 25° C. The effect of tempera¬ 
ture on the dissociation constants of weak 
bases is usually rather small, so that the 
overall effect of higher temperatures is a 
large increase in the hydrogen-ion content 
of the solution. 

The various processes employing steam 
for actification are essentially the same in 
principle and use the flow diagram shown 
in Fig. 14. The absorbent solution passes 
through the gas scrubber countercurrent to 
the gas and absorbs the hydrogen sulfide 
from the gas. The fouled solution passes 
through a heat exchanger and enters the 
top of a steam stripping column. At the 
bottom of this column is a boiling section, 
and the steam from the boiling solution 
passes up through the column and sweeps 
out or desorbs the hydrogen sulfide from 
the descending liquor. The steam and hy¬ 
drogen sulfide mixture leaving the top of 
the stripping column pass through con¬ 
densers to condense the steam from the 
recovered hydrogen sulfide. The hot solu¬ 
tion leaving the boiling section passes 
through a heat exchanger and cooler and 
again enters the top of the gas scrubber. 

These processes as previously mentioned 
have not been applied to the treatment of 
coal gases. However, those that are in 
commercial use for other gases are listed 
below and described briefly because they 
may be of future interest. 

The Girbitol Process, Ethanolamines, 
and diaminopropanol and other amino com¬ 
pounds, have been used comlnercially for 
the recovery of hydrogen sulfide from natu¬ 
ral gas and oil-refinery gases.^^i, 182 Dj. 

182 Bottoms, R. R., Proo. Am. Gaa Assoc., 
1981, 1071-82. Wood, W. R., and Storrs, B. D., 
Refiner Natural Gasoline Mfr., 17» 284-6 (1988). 
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ethanolamine, being a base of more desir¬ 
able strength and requiring a lower solution 
rate, is ordinarily preferred to triethanol¬ 
amine. 

Amino compounds and organic bases, as 
above mentioned, include a great number 
of compounds. Several others have been 


except that a two-stage process has been 
especially recommended to attain better 
steam economy. As strong solutions of 
phosphates are essential, the very soluble 
potassium phosphate is used. This phos¬ 
phate process has been applied to gases free 
from carbon dioxide. 



studied and suggested, among which may 
be mentioned dipiperidyd,^®^ phenyl hydra¬ 
zine,^^4 a new diaminobutanol,^®® and mis¬ 
cellaneous organic bases.^®® 

The Phosphate Process. Tripotassium 
phosphate, K 3 PO 4 , can be used for the 
recovery of hydrogen sulfideThe 
equipment is the same as that descri))ed, 

133 Parkes, D. W., and Evans, K. B., U. S. Pat 
2,106,435 (1938). 

134 Bottoms, R. R., U. S. Pat. 1,834,010 
(1931). 

185 Britton, E. C., U. S. Pat. 2,048,990 (1936). 

186 I. G. FarbenIndustrie Q.m.b.H., U. S. Pat. 
2,106,446 (1938) ; Brit. Pat. 470,440 (1937). 

137 Rosebaugh, T. W., Refiner Natural Gaso¬ 
line Mfr., 17, 246-7 (1938). Zublin, B. W., U. S. 
Pat. 2,167,879 (1939). 


The Phenolate Process. A process using a 
solution of sodium phenolate has been ap¬ 
plied to refinery and natural gas.^^s Again, 
the equipment is the same as that for the 
previous processes. The operation of a 
commercial installation has been described 
by Carvlin.^®® 

The Alkacid Process. In the so-called 
Alkacid process, the solutions used are so¬ 
dium salts of amino acids, such as glycocoll 
and alanine.'This process has been 

138 Carvlin, Q. M., Refiner Natural Oaeoline 
Mfr., 17, 225-88 (1988). 

189 I. G. Farbenindustrie G.m.b.H., U. S. Pat. 
2,011,386 (1935) ; Brit. Pat. 460,519 (1936). 
Bilhr, H., Refiner Natural Gasoline Mfr., 17, 287- 
44 (1988). 
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commercially applied at several plants at 
Leuna, Germany, in the synthetic ammonia 
and motor spirit industry to recover hydro¬ 
gen sulfide from water gas.^^° Except for 
the composition of the solution used, this 
process does not differ from those described 
in the preceding paragraphs. When small 
amounts of oxygen are present in the gas, 
corrosive compounds can form in processes 
using organic nitrogen compounds. Meth¬ 
ods to avoid corrosion have been made the 
subject of patents.^*^ 

Miscellaneoiis Proposed Processes. Sev¬ 
eral other liquids which have been proposed 
and have been experimented with on a lab¬ 
oratory scale cannot be classified definitely 
under the above group of processes. Among 
them may be mentioned magnesia suspen¬ 
sions,^ lime with sodium chloridesus¬ 
pension of certain metallic sulfides in acidic 
solutions,and solutions of alkaline mate¬ 
rials in oils.^*® Magnesia and lime will 
function as weak bases because of their 
very low solubility in spite of the fact that 
they are strong bases. The formation of in¬ 
soluble carbonates and the slowness of ab¬ 
sorption of hydrogen sulfide have thus far 
prevented the commercial use of magnesia 
and lime suspensions, although fouled mag¬ 
nesia suspensions can be regenerated with 
exceptionally small quantities of steam. 

SIMULTANEOUS RECOVERY OF SULFUR AND 
AMMONIA AND OTHER PROCESSES USING 
SULFUR DIOXIDE 

An economical process for the simultane¬ 
ous recovery of ammonia and hydrogen sul- 

140 Anon., Coke and Smokeless Fuel, 3, 236-8 
(1941). 

141 I. G. Farbenindustrie G.m.b.H., Pr. Pat. 
787,782 (1935). Bottoms, R. R., U. S. Pat. 
2,031,632 (1936). 

i42Sperr, F. W., Jr., U. S. Pat. 1,523,845 
(1925). 

148 Rue, H. P., U. S. Bur. Mines, Repts. In¬ 
vestigations 3178 (1932), 8 pp. 

I44 0hme, H., Ger. Pat. 541,302 (1929). 


fide in the form of ammonium sulfate has 
been the goal of much research, including 
the pioneer work of Feld and Burkheiser. 

Feld Processes. In Feld’s work,^*® a 
process using zinc thiosulfate was first de¬ 
veloped. This first process is essentially as 
follows. Gases containing ammonia and hy¬ 
drogen sulfide are scrubbed with a zinc 
thiosulfate solution to precipitate zinc sul¬ 
fide, and ammonium thiosulfate is formed 
and remains in solution. Sulfur, obtained 
later in the process, is burnt to generate 
sulfur dioxide, which is used to convert the 
zinc sulfide precipitate back to zinc thio¬ 
sulfate solution. More gas is scrubbed with 
the zinc thiosulfate, etc., and the cycle is 
repeated continuously. Meanwhile, the 
concentration of ammonium thiosulfate in¬ 
creases. Portions of this solution are re¬ 
moved, treated with sulfur dioxide, and 
heated, which converts the ammonium thio¬ 
sulfate to ammonium sulfate and sulfur. 
Most of the sulfur is burnt to provide the 
sulfur dioxide mentioned previously in this 
paragraph, and the ammonium sulfate so¬ 
lution is concentrated and crystallized. 

Because of difficulties with the step in 
which zinc sulfide is treated with sulfur di¬ 
oxide, the process did not operate properly, 
and further studies were made. Iron com¬ 
pounds were found to react better than the 
zinc compounds, but the method was still 
not as satisfactory as desired. Further 
studies led to the final process in which a 
solution containing ammonium thiosulfate 
and polythionates was used without requir¬ 
ing metallic compounds such as zinc or iron. 
This process, known also as the Feld thio- 
nate process, was operated successfully for 
a time at Konigsberg, Germany. The plant 

145 BHhr, H., Wenzel, W., and Mengdehl, H., 
U. S. Pat. 2,161,668 (1939). 

146 Feld, W., aas World, 57, 760 (1912) ; Z. 
angew. Chem., 25, 705-11 (1912). Raschig, F., 
iUd., 33, 260-2 (1920). 
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was shut down later, however, and has been 
replaced by other processes. 

In the thionate process the gas is scrubbed 
with an ammoniacal liquor that removes hy¬ 
drogen sulfide and forms ammonium thio¬ 
sulfate in the solution. The ammonium thio¬ 
sulfate is treated with sulfur dioxide to form 
various ammonium polythionates. These 
polythionates can absorb hydrogen sulfide 
and ammonia to form thiosulfate and sul¬ 
fur, and this is the solution used for scrub¬ 
bing hydrogen sulfide from the gas. As the 
cycle is repeated, the concentration of am¬ 
monium thiosulfate increases in the solu¬ 
tion. As in the previous process, portions 
of the solution are withdrawn and treated 
with sulfur dioxide and heated to form sul¬ 
fur and ammonium sulfate. Part or all of 
the sulfur is burnt to provide the sulfur di¬ 
oxide required. The ammonium sulfate is 
concentrated and crystallized as in the first 
processes of Feld. The processes of Feld 
have received wide attention, and several 
critical reviews have been published de¬ 
scribing them and various difficulties en¬ 
countered, especially the step in which sul¬ 
fur dioxide is used to convert thiosulfate to 
tetrathionate.^^^ 

Processes of Burkheiser. In the proc¬ 
esses developed by Burkheiser,^^® sulfur re¬ 
covered from hydrogen sulfide is burnt to 
form sulfur dioxide, which serves as an 
acidic material to remove ammonia from 
the gas to form ammonium sulfite. The 
process is also called the ^'sulfite-bisulfite” 
process, because the solution with which 
ammonia is scrubbed from the gas is ac¬ 
tually an ammonium bisulfite solution, and 
absorption and reaction with ammonia form 

147 Terros, E., and Overdick, F., Gas- u. Was- 
8vrjach, 71, 49-53, 81-6, 106-10, 130-6 (1928). 
Overdick, F., Z. angew. Chem., 43, 1048-51 
(1930), Parker, A., Gas Engr., 47, 694-5 
(1930). 

148 Burkheiser, K., Gas- u. Wasserfach, 08, 
766-71 (1926). Torres, B., and Hahn, E., ibid., 
70, 309-12, 889-43 (1927). 


the normal ammonium sulfite. This sulfite 
is converted back to bisulfite by sulfur di¬ 
oxide. To obtain the sulfur required to 
produce the sulfur dioxide, the hydrogen 
sulfide is removed from the gas and is con¬ 
verted to sulfur in a preliminary and sepa¬ 
rate system. 

The ammonium sulfite produced by the 
Burkheiser process is slowly oxidized by the 
air to form ammonium sulfate. It also 
loses ammonia to the air by vaporization 
and, therefore, has been less successful as a 
fertilizer than nonvolatile ammonium com¬ 
pounds. 

Gluud!s Combination Process. The proc¬ 
ess of Gluud to recover elemental sulfur by 
aeration of fouled ammoniacal iron suspen¬ 
sions has been described previously. Gluud 
has worked out a modification of this origi¬ 
nal method whereby ammonia and hydro¬ 
gen sulfide are simultaneously recovered as 
either ammonium thiosulfate or sulfate.^*® 
A flow diagram of Gluud's process produc¬ 
ing ammonium sulfate is shown in Fig. 15. 
The gas, previously washed to remove the 
hydrocyanic acid, passes through a gas 
scrubber where it is washed with an ammo¬ 
niacal liquor to which some iron sulfate has 
been added. This solution absorbs ammo¬ 
nia and hydrogen sulfide from the gas, and 
the outlet solution is a complex mixture 
containing thio salts of ammonia. This 
solution goes through a saturator through 
which gases from a sulfur burner pass. 
Sulfur dioxide therein is absorbed, and the 
solution is pumped into a narrow aerating 
tower, 50 feet or more in height and full 
of solution. Compressed air is admitted at 
the bottom and in rising through the solu¬ 
tion oxidizes the hydrosulfides and sulfites 
to ammonium thiosulfate. (In the original 

140 GescllRchaft ftir Kohlentechnik m.b.H., 
Brit. Pat. 362,669 (1930). Gluud, W., Klempt, 
W., and Brodkorb, F., Ber. Gea. Kohlentech., 8, 
465-84 (1931). Weittenhiller, H., GlUckauf, 
74, 126-81 (1938). 
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Gluud process, it will be remembered, hy¬ 
drosulfides are oxidized to elemental sulfur 
in a similar aerating tower. In the present 
tower, various polythionate and thio salts 
are present, with which the sulfur combines 
to form thiosulfate, so that little if any ele¬ 
mental sulfur is formed.) The solution 


previously mentioned. The solution of am¬ 
monium sulfate produced by the autoclave 
is concentrated in a vacuum evaporator and 
is crystallized to obtain ammonium sulfate. 
This process has been in operation on a 
pilot-plant scale at the Kaiserstuhl plant in 
Dortmund, Germany. 


Air Outlet 



Fuj. I.'). Flow (liu^nini of Gluiul'u combination proccRH for nmnioniiiin sulfate r(cov«*r.v. 


leaving the aerating tower flows into the 
gas scrublier to absorl) more ammonia and 
hydrogen sulfide in a continuous cyclic jtroc- 
ess. Ammonium thiosulfate accumulates m 
the solution, and (piaiitities of the solution 
are withdrawn from time to time for con¬ 
version to ammonium sulfate. This is done 
by heating with sulfuric acid in an auto¬ 
clave, in which the ammonium thiosulfate 
and sulfuric acid are converted to sulfur 
and ammonium sulfate. The sulfur is sepa¬ 
rated and part of it is burnt to form the 
sulfur dioxide required by the saturator 


Koppers CAS /Vorm. Another modifi¬ 
cation of the Feld and Burkheiser methods 
is known as the Ko])])ers UAS process,^®® 
named for cyanogen, ammonia, and sulfur. 
In this process the hydrocyanic acid, am¬ 
monia, and hydrogen sulfide in the gas are 
all removed and recovered as sulfur and 
ammonium sulfate. Four gas scrubbers in 
series are used. In the first scrubber the 
gas is washed with a recirculated ammo- 

160 Koppers, H., Oaa J., 188, 643-4 (1929) ; 
U. S. Pat. 1,971,964 (19,34). Hansen, C. J., 
U. S. Pat. 1,953,478 (1934), 2,029,262 (1936). 
Eyinaun, C., U. S. Pat. 1,957,253 (1934). 




THE KATASULF PROCESS 


995 


niacal liquor containing sulfur. The hy¬ 
drocyanic acid is thereby removed and 
ammonium thiocyanate accumulates in the 
solution. In the remaining three gas scrub¬ 
bers in series, the gas is washed with an 
ammoniacal solution containing thiosulfates, 
sulfites, and polythionates. Sufficient con¬ 
centrated ammonia liquor is also admitted 
at different points in the scrubbers so as to 
attain completeness of absorption of both 
ammonia and hydrogen sulfide. Some of 
the solution is withdrawn from the scrub¬ 
bers, including also the first one which re¬ 
moves the hydrocyanic acid, and is treated 
as follows. It is divided into three parts: 
one part is regenerated by aeration to 
oxidize iron sulfides and ammonium hydro¬ 
sulfide to sulfur; the second is treated with 
sulfur dioxide and filtered to recover sulfur; 
the third is decanted, treated with sulfur di¬ 
oxide, mixed with filtrate from the sulfur 
dioxide treatment of the second part above, 
and heated under pressure at about 180® C. 
This treatment converts the thiocyanate 
and various thio salts to ammonium sulfate 
and sulfur, which are recovered. The proc¬ 
ess was operated on a plant scale for a time 
but because of corrosion difficulties it was 
later replaced by the Thylox process. 

The Katasidf Process. The Katasulf 
Iirocess is probably the latest of the new 
methods for combined ammonia and hydro¬ 
gen sulfide recovery to be placed in com¬ 
mercial operation.^®^' Huls in the 

Ruhr section of Germany 25 million cubic 
feet of coke-oven gas per day was purified 
by this process. It is a combination process 
including both a high-temperature catalytic 
step and liquid washing steps at ordinary 
temperature, by which the hydrogen sulfide 
and the ammonia, together with the hydro- 

151 Bahr, H., Brit. Pat. 810,063 (1927); U. S. 
Pats. 1,678,630 (1928), 1,889,942 (1932), 2,162,- 
434 (1939). 

162 Btthr, H., Chem. FahHk, 11, 10-20 (1988). 


cyanic acid and part of the organic sulfur, 
are all removed from the gas and recovered 
as ammonium sulfate. Studies made several 
years previously had resulted in the discov¬ 
ery that the hydrogen sulfide in coke-oven 
gas could be catalytically oxidized to sulfur 
dioxide. Catalysts mentioned include mix¬ 
tures of activated carbon, silica gel, alu¬ 
mina and various metals,^®® and especially 
an activated carbon containing nickel.^®^ 
Trouble due to deposition of carbon within 
the catalyst, a condition that has prevented 
commercial use of activated carbon for re¬ 
covery of elemental sulfur from coal gases, 
does not occur at the higher temperatures 
required for the catalytic oxidation to sul¬ 
fur dioxide.^®* Experimental work on a 
laboratory scale and later on pilot-plant 
scales resulted in the system that went into 
operation in the commercial plant. 

Figure 16 shows the flow diagram of this 
process. The gas is first passed through a 
Cottrell tar precipitator, as it is important 
to prevent tar fog from being carried into 
the catalyst bed. The gas then enters a 
small preliminary scrubber in which a small 
part of the ammonia and hydrogen sulfide 
is removed by a part of the liquor recircu¬ 
lated through the main scrubber. Next, the 
gas passes through a humidifying tower in 
which it is warmed and saturated with wa¬ 
ter vapor at 40® C. It was claimed that 
the presence of this quantity of water va¬ 
por is necessary in order to completely 
convert hydrocyanic acid to ammonia when 
the gas later passes through the catalyst 
chamber.^®® The humidified gas then passes 
through gas-to-gas heat exchangers in which 
it is heated to about 400° C. Sufficient air 
to oxidize the hydrogen sulfide to ammo¬ 
nium sulfate and sulfur is added at this 

1531. G. Farbenlndustrie Q.m.b.H., Brit. Pat. 
310,063 (1927). 

i64Dreyer, K., Brit. Pat. 473,248 (1987). 

165 Btthr, H., Ger. Pat. 641,400 (1987). 
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point. The amount required depends upon 
the amount of hydrogen sulfide in the gas 
and the proportions that are recovered as 
sulfate and as sulfur respectively. At the 
commercial installation at Huls, Germany, 
the gas contained about 450 grains of hy¬ 
drogen sulfide per 100 cubic feet, and the 
amount of air required was around 7 to 8 
percent of the gas volume. This gas now 


monium thio salts in solution. This recir¬ 
culation passes through a heat exchanger to 
warm the water used in the previous step 
for humidifying the gas, and through a so¬ 
lution cooler, so that the main gas scrubber 
serves also as a gas cooler. A final washer 
scrubs the remaining sulfur dioxide and am¬ 
monia from the gas. A small stream of 
fresh water is kept recirculating over the 



Pio. 16. Flow diagram of the Katasulf combination pro<*eB8 for ammonium sulfate recovery. 


passes through the catalyst bed and the hy¬ 
drogen sulfide is catalytically oxidized to 
sulfur dioxide and the hydrocyanic acid is 
hydrolyzed to ammonia and carbon monox¬ 
ide. The oxidation to sulfur dioxide, of 
course, evolves heat, and for this reason the 
gas temperature increases, the increase de¬ 
fending on the amount of hydrogen sulfide 
oxidized. The temperature rise is approxi¬ 
mately 26® C for each 100 grains of hydro¬ 
gen sulfide per 100 cubic feet, and at the 
plant treating 450-grain gas the tempera¬ 
ture increase was about 120® C. This gas, 
after passing back through the above-men¬ 
tioned heat exchanger to heat the incoming 
gas, enters the main gas scrubber where the 
ammonia and sulfur dioxide are removed 
by recirculation of liquor containing am- 


final washer. The overflow from the final 
washer goes into the liquor in the main 
washer. 

Ammonium sulfite and bisulfite would 
normally be formed from ammonia and 
sulfur dioxide. However, in this process, 
some hydrogen sulfide and ammonia are ab¬ 
sorbed in the preliminary scrubber, forming 
ammonium sulfides, and this liquor is mixed 
with the liquor in the main scrubber. As 
a result little if any ammonium sulfite is 
formed. Instead, thiosulfates and polythio- 
nates are formed, and the main recirculat¬ 
ing liquor is a mixture of such ammonium 
salts. The chemistry of the process has 
been discussed in Biihr's description.^®- 

Either sulfuric acid or sulfur dioxide gas 
can be employed to convert these ammo- 







BEMOVAL OF HYDROGEN SULFIDE BY REACTIONS 


997 


nium salts to sulfate. To prevent the proc¬ 
ess from being too complicated, it was de¬ 
cided to choose sulfuric acid. The solution 
and sufficient sulfuric acid were added to 
an autoclave and heated. Some gases 
form in the autoclave and are scrubbed in 
another small scrubber to remove sulfur di¬ 
oxide and ammonia that might otherwise 
escape. The autoclave treatment produces 
both sulfur and ammonium sulfate solution. 
The sulfur is separated, and the ammonium 
sulfate is concentrated and crystallized to 
produce the dry commercial salt. 

The pilot plants in operation before erec¬ 
tion of the commercial plant actually used 
sulfur dioxide from sulfur burners in the au¬ 
toclave instead of sulfuric acid as described 
above. The procedure with sulfur dioxide, 
being more complex, was not used in the 
commercial plant. 

Miscellaneous processes for combined hy¬ 
drogen sidfide and ammonia recovery have 
been proposed, including variations in the 
original Feld and Burkheiser processes. For 
example, tw’o or more gas scrubbers can be 
used in series for the Feld process, and am¬ 
monia gas or liquor can be added as re¬ 
quired between the scrubbers, in order to 
improve the control over the absorption 
stage.^®® Also, the Feld and similar proc¬ 
esses can be modified to produce an ammo¬ 
nium sulfate containing phosphates. These 
processes normally operate with solutions 
of ammonium thio salts, and this solution 
would he treated with phosphoric acid 
to produce the phosphate-containing final 
product.^®^ Another method has been de¬ 
scribed in which zinc sulfate solution is em¬ 
ployed to recover ammonium sulfate. Am¬ 
monia and hydrogen sulfide are both ab¬ 
sorbed from the gas to form zinc sulfide 
and ammonium sulfate.^®® The zinc sulfide 

166 Hansen, C. J., U. S. Pat. 1,826,779 (1931). 

167 Hansen, C. J., U. S. Pat. 1,944,978 (1934). 

158 Cobb, J. W., a as J., 188,. Inst. Gas Bngrs. 

Suppl. 45 (1929). 


is removed by filtration and roasted under 
controlled conditions to regenerate zinc 
sulfate for further use. The ammonium 
sulfate solution is concentrated and crys¬ 
tallized. 

In the Burkheiser process, it will be re¬ 
called, ammonium sulfite is produced which 
partially oxidizes to ammonium sulfate in 
storage. In order to make this process 
more practical, it has been attempted to 
oxidize ammonium sulfite more efficiently. 
Even fifty years before the historic work of 
Burkheiser, Laming had proposed to con¬ 
vert ammonia to ammonium sulfate by 
adding sulfur dioxide and then oxidizing by 
treatment with air.^®® Burkheiser’s work 
included improvements in a system using 
oxidation by air.^®® In the subsequent 
work of Vorlander and Lainau,*®^ solutions 
of ammonium sulfite were oxidized to sul¬ 
fate by aeration, using compounds of cobalt 
and vanadium as catalysts for oxidation. 

Removal of Hydrogen Sidfide by Reac¬ 
tions with Sulfur Dioxide, In the preced¬ 
ing processes utilizing sulfur dioxide, the 
purpose was simultaneous recovery of am¬ 
monia and hydrogen sulfide as ammonium 
sulfate. Some methods have been proposed 
for hydrogen sulfide removal in which sul¬ 
fur dioxide is used to convert the hydrogen 
sulfide to sulfur; an aqueous or an organic 
solution absorbs the hydrogen sulfide from 
the gas, and the foul solution is treated 
with sulfur dioxide. The free sulfur thereby 
formed is sejiarated, and part of it is burnt 
to provide the sulfur dioxide required. 

The complex nature of the reaction be¬ 
tween hydrogen sulfide and sulfur dioxide 
has been mentioned before. The main dif¬ 
ficulty to overcome is to obtain sufficiently 

159 Laming, R., Brit. Pat. 14,260 (1852). 

100 Burkheiser, K., U. S. Pat. 1,034,974 
(1912). 

101 Voriander, D., and Lainan, A., J, prak. 
Chem., 123, 351-76 (1929) ; U. S. Pat. 1,925,739 
(1933). 
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complete and rapid reactions for commer¬ 
cial application. The use of tar oils for 
such a process by Feld is well known. To 
hasten the reaction between hydrogen sul¬ 
fide and sulfur dioxide, processes using 
thiocyanates in solution have been pro- 
posed .^®2 Solutions containing organic 
bases have also been claimed to be use- 

fui.168 

HYDROGEN SULFIDE REMOVAL BY ABSORPTION 
AND DISPOSAL OF SOLUTION 

If only final traces of hydrogen sulfide 
need to be removed from gases, it may be 
practical to use an absorbing solution and 
to discard or otherwise dispose of the used 
solution. Such types of processes are not 
suitable for the removal of large amounts 
of hydrogen sulfide because purchase and 
disposal of large amounts of absorbing ma¬ 
terial would be required. Processes for the 
removal of traces of hydrogen sulfide have 
definite value. In preceding sections it has 
been mentioned that traces of hydrogen sul¬ 
fide may be generated in otherwise clean 
gas by organic sulfur compounds or elemen¬ 
tal sulfur. 

Metallic compounds dissolved in oil, such 
as metallic soaps in gas oil, have been pro¬ 
posed as especially effective absorbents.^®** 
They have been recommended for removal 
of the minute amounts of hydrogen sulfide 
formed by bacterial action and other sulfur 
reactions in gas holders. In the operation 
of the Thylox process, the addition of small 
amounts of arsenic is normally required. 
Arsenic can combine with about half of its 
own weight of hydrogen sulfide; and, be- 

162 Hansen, C. J., Brit. Pat. 394,917 (1933). 
C. Otto and Co. G.m.b.II., Ger. Pat. 610,840 
(1935). 

163 Qlrdler Corp., Brit. Pat. 419,479 (1934). 
C. Otto and Co. G.m.b.H., Brit. Pat. 480,865 
(1935). 

164 Hutchinson, W. K., and Dougill, G., Brit. 
Pat. 456,661 (1986). 


fore the arsenic is added to the solution, it 
can be used to remove this amount of 
hydrogen sulfide from the purified gas.^®® 

UTILIZATION OF RECOVERED HYDROGEN 
SULFIDE 

The various processes that employ steam 
for actifying the solution used to absorb 
hydrogen sulfide from gas recover gaseous 
hydrogen sulfide. The recovered hydrogen 
sulfide can be utilized in different forms: 
(1) hydrogen sulfide as such, or the simple 
sulfides; (2) sulfuric acid; or (3) elemen¬ 
tal sulfur. 

The use of hydrogen sulfide as such is 
restricted by the fact that it must be com¬ 
pressed in steel cylinders for shipment. 
Some chemical processes can use alkaline 
solutions of hydrogen sulfides, such as cal¬ 
cium hydrosulfide and sodium hydrosulfide. 
These are very soluble materials and can 
be made by the absorption of hydrogen 
sulfide in milk of lime or caustic soda, re¬ 
spectively. After hydrogen sulfide and the 
simple sulfides become more available com¬ 
mercially, the chemical industry will doubt¬ 
less find various uses for the material. Be¬ 
sides those in chemical manufacture, some 
study has been made regarding the pos¬ 
sible application of hydrogen sulfide in 
agriculture as a fungicide in the treatment 
of seeds.^®® 

Sulfuric acid, as previously mentioned, 
can be manufactured from hydrogen sul¬ 
fide by processes similar to those using ele¬ 
mental sulfur. The hydrogen sulfide can 
be burnt, and the products of combustion 
with an excess of air present can be con¬ 
verted to sulfuric acid by known processes. 
The presence of ammonia or hydrocyanic 
acid in hydrogen sulfide will give rise to 

16.5 Shoeld, M., U. S. Pat. 1,844,694 (1932). 

166 Kiashko, P. E., Rev. Applied Mycol., 15, 
669-70 (1935). Kvashnina, B. S., and Etmi- 
sheva, Z. S., ibid., 16, 26-7 (1936). Kapshuk, 
A. A., ibid., 16, 35 (1936). 
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nitrogen compounds in the sulfuric acid, 
and it is considered advisable to remove 
these ingredients. This is ordinarily done 
by washing the hydrogen sulfide gas with 
a small amount of water, since ammonia 
and hydrocyanic acid are easily removed 
by water washing.^When hydrogen sul¬ 
fide is burnt, sulfur dioxide and water 
vapor are both formed. 

HzS + 1-^02 = H 2 O + SO 2 

The presence of water vapor is undesirable 
in the products of combustion entering con¬ 
tact sulfuric acid plants. To avoid the dif¬ 
ficulties caused by the presence of water 
vapor, the combustion gases can be cooled 
and dehydrated before passing through the 
converter.^®® Another way to avoid such 
difficulties is to use water-insensitive cata¬ 
lysts and to condense the sulfuric acid 
fractionally under controlled conditions in 
condensing equipment especially designed 
for the purpose.^®® A small commercial 
sulfuric acid plant making about 6 tons of 
sulfuric acid per day by this method has 
been described by Weittenhiller.^^® Cot¬ 
trell electric precipitators will minimize the 
amount of sulfuric acid mist that tends 
to persist in the gases leaving the con¬ 
densers when water vapor is present. 

Elemental sulfur can be produced from 
hydrogen sulfide by partial combustion ac¬ 
cording to the equations: 

HaS -f UO 2 = H 2 O H- S ()2 

2 H 2 S + S()2 = 2H2() + 38 


3 H 2 S -h 1|()2 = 3 H 2 O + 3S 

107 Schwarz, S. C., Western Qas, 3, 113-8 
(1927). 

188 HechtMjbleikner, I., Oliver, T. C., and 
Simnglor, S. F., U. S. Pat. 2,003,442 (1935). 

109 Von Girsewald, C., Siecko, W., and Wohl- 
will, M., U. S. Pat. 2,115,091 (1938). Kool- 
man, C., Siecke, W., and Wohlwill, M., U, S. 
Pal. 2.172,617 (1939). 
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The original Claus kiln for this purpose 
was developed around the year 1880. It 
used bauxite or iron oxide as a catalyst, 
and all the oxidation occurred in one large 
chamber. Its construction and operation 
have been described in reference books, 
especially by Lunge.The original Claus 
kilns were rather large and cumbersome. 
The reaction gives off heat, and when the 
rates are increased there is a decided tend¬ 
ency for the catalyst to become overheated. 
The temperature in the kiln is controlled 
by balancing the feed of hydrogen sulfide 
plus air with radiation and other heat 
losses, a condition that restricts the work¬ 
ing capacity within narrow limits. Im¬ 
provements have been made in Claus kiln 
design mainly to improve the temperature 
control. One means of controlling tem¬ 
perature is to recirculate cooled vent gases. 
Tliis method permits operation throughout 
a wide range of operating rates, but be¬ 
cause of the high gas velocities through the 
catalyst bed the catalyst chamber must be 
large. 

A more recent improvement is to burn 
part of the hydrogen sulfide separately and 
cool the vapors before they enter the Claus 
kiln.^^- By varying the proportion of hy¬ 
drogen sulfide that is burnt separately and 
cooled, (he quantity of heat evolved in 
the Claus kiln is changed and the tempera¬ 
ture can be controlled. Of course, the 
total air and the total hydrogen sulfide 
entering the system must be kept in the 
proper proportion regardless of the pro¬ 
portion of hydrogen sulfide that is burnt 
separately. Since this method controls 
temperature without increasing the gas ve¬ 
locities in the kiln, the size of the kiln can 
be materially decreased. A commercial-size 

171 Lunge, G., Sulfuric Acid and Alkali, D. 
Van Nostrand & Co., New York, 1909, Vol. 2, 
p. 972. 

i72B}ihr, H., and Mengdehl, H., U. S. Pat. 
2,092.386 (1937). 
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Claus kiln modified in this manner has 
been built, and its operation has been de¬ 
scribed by Bahr.^^® 

Much study has been given to the con¬ 
version of hydrogen sulfide and sulfur di¬ 
oxide to sulfur at lower temperatures ac¬ 
cording to the equation 

2 IL 2 B + SO 2 = 2 H 2 O + 3S 

It has long been known that water cata¬ 
lyzes the reaction and also that the reaction 
is not so simple as the above equation 
would seem to indicate. Complex polythi¬ 
onic acids are also formed. Miscellaneous 
manners of operation with water as a cat¬ 
alyst and miscellaneous liquids instead of 
water have been proposed, none of which 
are known to be in commercial operation. 
Among them may be mentioned the classic 
use of tar oils by Feld,^^^ thiocyanate solu¬ 
tions,^^® and organic bases.^^® 

Modifications of Absorption-Desorption 
Processes, Two other types of processes in 
the absorption-desorption classification 
have not been included with the preceding 
methods because they are more compli¬ 
cated processes. One type makes use of 
carbon dioxide to help expel the hydrogen 
sulfide, and the other type combines hy¬ 
drogen sulfide removal with ammonia re¬ 
covery. Both have been studied at an 
earlier date than most of the processes 
thus far discussed. 

The Petit process'^'^'^ employs a strong 
solution of potassium carbonate and regen¬ 
erates the solution with air containing car¬ 
bon dioxide. The regenerated solution, or 
part of it, may be boiled before it is again 

178 BUhr, H., Refiner Natural Gasoline Mfr., 
17, 237-44 (1938). 

174 Feld, W., Ger. Pat. 202,349 (1907). 

176 Hansen, C. J., Brit. Pat, 394,917 (1933). 

i7eGirdler Corp., Brit. Pat. 419,479 (1934). 

C. Otto and Co., Brit. Pat. 430,865 (1935). 
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used to scrub the gas. This process utilizes 
the stronger acidity of carbon dioxide to 
help desorb the hydrogen sulfide and thus 
a smaller volume of gases is needed for de¬ 
sorption. 

Hvltman and Pilo^'^^ used an ordinary 
soda ash solution for absorbing the hydro¬ 
gen sulfide from the gas but combined sev¬ 
eral steps for desorption. The foul solu¬ 
tion leaving the gas scrubber was first con¬ 
tacted with carbon dioxide to raise the 
hydrogen sulfide vapor pressure of the solu¬ 
tion. Then the solution was actified under 
vacuum, hydrogen sulfide being recovered 
with some carbon dioxide. Part or all of 
the solution was then boiled to expel car¬ 
bon dioxide, which completed the regenera¬ 
tion of the solution, and the solution was 
again used for scrubbing the gas. The 
carbon dioxide expelled by the boiling step 
was the source of the carbon dioxide used 
for contacting the foul solution before 
vacuum actification was ajjplied. 

Ammoniacal Solutions. The use of am- 
moniacal solution to absorb hydrogen sul¬ 
fide from gas dates back to the original 
■work of Hills followed by the commer¬ 
cial developments of Claus.^®° They 
scrubbed the gas with ammoniacal liquor 
and employed heat to expel dissolved hy¬ 
drogen sulfide and to regenerate the solu¬ 
tion. After a trial on a commercial scale, 
the process was finally abandoned because 
of losses of ammonia. 

The difficulties ordinarily encountered in 
removing hydrogen sulfide from gas by 
means of ammonia liquor may be attrib¬ 
uted mainly to three causes: first, am¬ 
monia is an active absorbent for carbon 
dioxide which may be absorbed from the 

178 Hultman, G. H., and Pilo, C. W., U. S. 
Pat. 2,094,070 (1937). 
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gas instead of hydrogen sulfide, and there 
is usually a relatively large amount of car¬ 
bon dioxide in the gas; second, ammonia 
liquors in equilibrium with the normal am¬ 
monia content of coal gas arc rather weak, 
and a fairly large circulation rate is nec¬ 
essary for such liquor to absorb the hydro¬ 
gen sulfide from the gas; and, third, it is 
difficult to attain sufficiently complete re¬ 
generation or elimination of the absorbed 
hydrogen sulfide without simultaneous loss 
of ammonia. Experience with processes for 
absorption of carbon dioxide and of hy¬ 
drogen sulfide from gas Inis established the 
necessity of large scrubbing surfaces for 
carbon dioxide absorption. Consequently, 
if care is taken to keep the scrubbing sur¬ 
face down to the minimum reejuired for 
hydrogen sulfide absorption, the trouble¬ 
some carbon dioxide absorption can be 
kept at a minim urn.The necessary cir¬ 
culation rale can be reduced by recycling 
part of the ammonia production back to 
the hot gases in order to obtain a more 
concentrated ammonia liquor.^Also, by 
refrigerating the gases before scrulibing 
with ammonia liquor, the re(iuired circula¬ 
tion rate can be reduced. 

In the years following the original work 
of Hills and Claus, the pohhible u^e of am- 
moniacal liquor was studied liy many in¬ 
vestigators who tried to overcome the dis¬ 
advantages of the original processes. 
O’Neill recirculated ammonia liquor 
through gas scrubbers and one or more 
plates above the ammonia still through 
which passed the ammonia and steam from 
the ammonia still. Lenze used refrigera¬ 
tion to cool the gas and then cleaned the 

1811. G. ParbenIndustrie G.m.b.II., U. S. Pat. 
2,083,213 (1931). 

182 Davidson, W. B., Brit. Pat. 23,696 (1912) ; 
J. Oas Lighting, 122, 948-54 (1913). 

188 O’Neill, J. G., Progressive Age, 20, 674-5, 
707 (1911), 30, 868-9 (1912). 


gas at especially low temperatures.^®^ The 
main purpose of Lenze^s process was re¬ 
moval of tar, naphthalene, and ammonia. 
Kemmcr and Raschig i®® used the low-tem¬ 
perature treatment of gas of Lenze and the 
recirculation of ammonia mentioned by 
Davidson^®- to remove hydrogen sulfide 
from gas with ammoiiiacal liquor at low 
temperatures. 

One of the problems mentioned above in 
ammonia processes is to obtain complete 
regeneration of fouled ammoniacal liquor 
without loss of ammonia. It is possible to 
use certain selective solvents to prevent 
loss of ammonia vapors with the hydro¬ 
gen sulfide.^®® 

When the value of ammonia is so low 
that recovery of ammonia is not profitable, 
an especially economical process for hydro¬ 
gen sidfide removal is possible at coke 
plants heated with producer gas.^®^ In 
this process, the ammonia is left in the 
gas, and the final cooler on the coke-oven 
gas and the producer-gas cooler are inter¬ 
connected in the following manner. The 
liquor from the final cooler is pumped over 
the producer-gas cooler, and the liquid 
from the producer-gas cooler is fnimped 
through cooling coils back to the final 
cooler. In the final cooler, the liquor ab¬ 
sorbs about half of the anunonia and al¬ 
most two-thirds of the hydrogen sulfide 
from the coke-oven gas. In the producer- 
gas cooler the ammonia and hydrogen sul¬ 
fide are released into the producer gas. 
The hydrogen sulfide and ammonia remain 
ill the producer gas and are burnt in the 
underfiring flues of the coke ovens. By 

184 Lenze, F., and Rettenmaier, A., Qas- u. 
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this process, about 60 percent of the hy¬ 
drogen sulfide is eliminated from the gas 
without operating additional units of equip¬ 
ment. 

ORGANIC SULFUR COMPOUNDS AND THEIR 
REMOVAL 

The organic sulfur compounds present in 
coal distillation gases include carbon di¬ 
sulfide, thiophene, carbon oxysulfide, mer- 
captans, and other compounds occurring in 
traces only, such as disulfides and thio 
ethers. 

PROPERTIES OP THE ORGANIC SULFUR 
COMPOUNDS 

Carbon disulfide, CS 2 , is a volatile liquid 
at ordinary temperatures, soluble in oils 
and insoluble in water. Its main physical 
properties are as follows: 

Boiling point 46.3 ° C 

Melting point — 111.8® C 
Solubility in water 0.2 gram per 100 grams 
water at O'* C 

Density 1.2628 grams per milli¬ 

liter at 20° C 

Miscible with alcohol and hydrocarbon oils 

Carbon disulfide has an exceptionally low 
ignition temperature, and its mixtures with 
air are explosive throughout a much wider 
range of composition than most inflam¬ 
mable vapors. Chemically, carbon disul¬ 
fide exhibits very feeble acidic characteris¬ 
tics. It reacts with alcoholic solutions of 
caustic alkalies to form xanthates, and 
with solutions of polysulfides to form thio- 
carbonates. Carbon disulfide is widely 
used in the chemical industry, and its value 
as an insecticide and a poison is impor¬ 
tant. The vapors of carbon disulfide are 
toxic, and, with processes in which their 
vapors can contaminate the air, attention 
should be given to this feature. Its toxicity 


has been studied rather extensively,^®® and 
recommendations have been made that 
workmen should not be subjected to con¬ 
centrations greater than 2 to 80 parts per 
million, depending on the length of ex¬ 
posure. Prolonged exposure to air con¬ 
taining 80 parts per million developed toxic 
effects, some of which were fatal to ani¬ 
mals, and higher concentrations are of 
course more toxic. 

Thiophene, C 4 H 4 S, is a liquid of about 
the same volatility as benzene, is insoluble 
in water, and is miscible with hydrocarbon 
oils. Its boiling point, 84® C, is so close 
to that of benzene that processes to remove 
benzene from gas will also remove thio¬ 
phene with equal efficiency, and thiophene 
will contaminate the recovered benzene. 
When benzene recovery is practiced, the 
thiophene content of the debenzolized gas 
is usually insignificant and thiophene is 
then of importance only in connection with 
benzene refining. Chemically, thiophene is 
stable and inert. It is slightly more reac¬ 
tive than benzene, and will react only with 
strong chemical reagents. 

Carbon oxysulfide, COS, also known as 
carbonyl sulfide, is a gas intermediate be¬ 
tween carbon dioxide and carbon disulfide 
in its characteristics. It will dissolve slowly 
in strong aqueous solutions of caustic alka¬ 
lies and is thereby decomposed to form a 
mixture of carbonate and sulfide. In alco¬ 
holic potash and soda it dissolves rapidly. 
Its solubility in water is 1.38 volumes per 
volume of water at 0 ° C, or about three- 
fourths that of carbon dioxide. 

Mercaptans that occur in coal gas, such 
as methyl and ethyl mercaptans, are ex¬ 
tremely volatile liquids. Methyl mercap¬ 
tan boils at 7.6° C and ethyl mercaptan at 

188 Wiley, F. H., and Hueper, W. C., and von 
Oettlngen, W. F., J. Ind. Ilyg. Toxicol., 18. 733- 
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(1037). McNally, W. D., ihid., 6. 539-44 (1937), 
7, 295-303 (1938). 
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34.7® C. These liquids are insoluble in 
water and are miscible with hydrocarbon 
oils. Like carbon disulfide, they have 
weakly acidic properties and dissolve rap¬ 
idly and completely in alcoholic potash. 
Aqueous solutions of caustic soda will ab¬ 
sorb the mercaptans of lower molecular 
weight to form mercaptides. Mercaptans 
of higher molecular weight are less strongly 
held by aqueous caustic soda solutions. 
The mercaptans can be expelled from such 
solutions by boiling or by treatment with 
carbon dioxide. Mercaptans will also com¬ 
bine with many metallic compounds to 
form water-insoluble metallic mercaptides. 
Many of these metallic mercaptides arc 
soluble in oils. Because of their charac¬ 
teristic penetrating odor, mercaptans are 
used widely to odorize domestic fuel ga.scs 
in order to make leakage quickly notice¬ 
able. 

The other compounds, as thio ethers and 
(lisidfides, are also oil-soluble volatile liquids. 
They occur in such minor concentrations 
that they are practically of no significance. 
These compounds, like thiophene, arc 
largely removed by processes that recover 
benzene from the gas. 

REMOVAL OF ORGANIC SULFUR COMPOUNDS 

Unless it is necessary to reduce the sul¬ 
fur contrCnt of gases to an unusually low 
level or unless coals of high sulfur con¬ 
tents are used, removal of organic sulfur 
compounds from gas has not been consiil- 
ered important. However, the desirability 
of ga.ses of very low sulfur content for do¬ 
mestic use is becoming recognized, and of 
course certain chemical uses may require 
gases of exceptionally low sulfur content. 

From the preceding paragraphs it wdll 
be noted that the different organic sulfur 
compounds vary in volatility from the fixed 
gas, carbon oxysulfide, boiling point -50® 
C, to thiophene, boiling point 84® C. How¬ 


ever, carbon disulfide is the main com¬ 
pound in this group, accounting for about 
two-thirds of the total organic sulfur. As 
processes for the removal of organic sulfur 
must be effective for carbon disulfide, they 
are often termed carbon disulfide-removal 
processes. Of course, to attain very low 
total sulfur contents, they must also be ef¬ 
fective for the removal of thiophene, car¬ 
bon oxysulfide, and mercaptans. 

Processes for the removal of organic sul¬ 
fur may be classified in the following 
groups: (1) chemical absorption and dis¬ 
posal of spent absorbent; (2) absorption 
by solvents (oils) and desorption; (3) 
adsorption by solids (carbon) and desorp¬ 
tion; (4) conversion to hydrogen sulfide 
or to sulfur dioxide at high temperature; 
and (5) refrigeration and condensation. 

Chemical Absorption and Disposal of 
Spent Absorbent. Sulfided lime came into 
use at a very early date for removing car¬ 
bon disulfide. Its use in England was al¬ 
most universal until the year 1905, when 
the legd regulations that had restricted the 
permissible total sulfur content of domestic 
gas at about 20 grains per 100 cubic feet 
were revised. Since that time, sulfided 
lime purifiers have been discontinued by al¬ 
most all gas companies. Sulfided lime con¬ 
tains calcium sulfides and polysulfides and 
probably absorbs carbon disulfide to form 
a calcium thiocarbonate compound, al¬ 
though the chemistry of the process has 
not been thoroughly studied. To operate 
this process, it is essential first to remove 
the carbon dioxide very thoroughly. The 
quantity of carbon dioxide makes the proc¬ 
ess difficult and expensive. It has also 
been proposed to remove carbon disulfide 
by means of other polysulfides. Accord¬ 
ing to one process, carbon disulfide can be 
scrubbed from gas with an absorbent oil 
and the absorbed carbon disulfide can be 
removed from the oil by contacting with 
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sodium polysulfide solution^®® Also, am¬ 
monium polysulfide can be used to scrub 
carbon disulfide from gas.^®® The spent so¬ 
lution can be converted to thiocyanate by 
heating. As far as known, none of these 
processes are employed commercially with 
the exception of lime sulfide purifiers re¬ 
maining at a few small gasworks. 

Absorption by Solvents and Desorption. 
In the foregoing discussion it was men¬ 
tioned that carbon disulfide and thiophene 
are soluble in oil and are removed from gas 
by processes for benzene recovery. In the 
ordinary wash-oil i)rocess, the gas is washed 
with an absorbent oil of low volatility, and 
the oil absorbs the benzene and other oib 
soluble constituents from the gas. The ben- 
zolized oil is then heated and steam-dis¬ 
tilled to regenerate the absorbent oil for 
further use and to recover the benzene and 
other oil-soluble constituents. The circu¬ 
lation rate of the absorbent oil is adjusted 
for efficient benzene and toluene recovery, 
which is the purpose of the i)roccss. The 
wash-oil rate is inadequate for good carbon 
disulfide removal. Such plants remove 
thiophene effectively, however, because an 
oil rate that will remove benzene from 
gas will also remove thiophene. Benzol- 
recovery plants as ordinarily operated re¬ 
move about half of the carbon disulfide 
from the gas. A study of the removal of 
organic sulfur compounds during benzene 
recovery from gases made from high-sulfur 
Canadian coals has been rei)orted by Daw- 
son.^®^ 

To remove carbon disulfide from gas with 
absorbent oil, it is necessary to circulate a 
sufficient volume to absorb the carbon di¬ 
sulfide. About 37 gallons is required per 

189 Soil, G. E., and Klnibcr, W. J., U. S. Pats. 
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1,000 cubic feet of gas at 20° C.^®* More 
steam is needed in the light-oil stripping 
still when more absorbent oil is circulated 
because sufficient steam must be used per 
gallon of oil to strip out the benzene. The 
amount of extra steam required is not so 
great when oil-to-oil heat exchangers are 
employed to preheat the benzolized oil, and 
these can be used without trouble when the 
light-oil plant is operating on purified gas. 
Further economy in steam consumption 
has been obtained by operating the strip¬ 
ping still under a partial vacuum or at an 
absolute pressure of 10 inches of mercury. 
The definite volume of sweep-steam re¬ 
quired to strip the benzene from the ab¬ 
sorbent oil can be obtained from only one- 
third the weight of steam that would have 
been necessary if the stripping column 
were oi)erated at atmosidicric pressure. 

The design and operation of a i)lant for 
simultaneous benzol and organic sulfur re¬ 
moval from 7 million cubic feet of gas per 
day have been discussed by Coo])cr and 
Hutchinson.^ The manner of operating 
such plants is also described in patents.^®'* 
The gases before and after this modified 
light-oil plant were analyzed for different 
sulfur compounds. The results indicated 
that 87 to 90 percent of the carbon disul¬ 
fide and thioi)hene were removed, and 70 
percent of the mercaptans, but none of the 
^‘volatile sulfur conii)ounds,” presumably 
carbon oxysulfide. The removal of total 
organic sulfur was from 32 grains per 100 
cubic foot inlet down to 8.0 grains outlet, 
or a removal of 73 percent. Table V shows 
the analyses made of the inlet and outlet 
gases. 

192 Cooper, c.. Gas World, 108, Coking Sect, 
27-31 (1938). 

103 Hutchinson, W. K., Inat. Gas Engrs., Com- 
mun. 175 (1937), pp. 8-44. 

194 Cooper, C., and Hensbaw, D. M., Brit Pat 
430,989 (1935). Hutchinson, W. K., and Hop- 
ton, G. U., Brit Pat 443,089 (1936). 
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TABLE V 


Removal op Organic Sulfur from Gas 


Gas Entering Plant ^ 

-.-, Gas 


Grains Sulfur per 100 

Vertical 

Inclined 

Mixed 

Leaving 

Percent 

Cubic Feet Present as 

Retorts 

Retorts 

Gas 

Plant 

Removed 

Mercaptans 

2.2 

1.1 

1.8 

0.5 

70 

Thiophene 

5.0 

8.3 

6.1 

0.8 

87 

Carbon disulfide 

■19.6 

16.9 

18.7 

1.9 

90 

Volatile sulfur compounds 

5.6 

4.9 

5.4 

5.4 

0 

Total 

32.4 

31.2 

32.0 

8.6 

73 


ADSORPTION BY SOLIDS AND DESORPTION 

Activated carbon and silica gel can be used 
for light-oil recovery from gas; they also 
remove a major part of the organic sulfur. 
In Europe, a number of plants have been 
in operation using activated carbon for 
light-oil recovery. ITollings and Hay de¬ 
scribed such a plant treating 75 million 
cubic feet of coal gas per day at Beckton, 
England.’*^® The use of activated carbon 
has also been discussed by (inffiths and 
by Eiigclhardl.^”^ To u>e activated carbon 
for light-oil removal, the gas inuNt be fiee 
from hydrogen sulfide and heavy condensa¬ 
ble hydrocarbons. It has been claimed that 
this process removes essentially all the car¬ 
bon disulfide and thiophene from gas, or 
about 75 to SO ])ercent of the total organic 
sulfur. 

CONVERSION OF ORGANIC SULFUR TO HYDRO¬ 
GEN SULFIDE OR TO SULFUR DIOXIDE 
AT HIGH TEMPERATURES 

High-temperature processes for the elimi¬ 
nation of organic sulfur compounds from 
gas have had a long history, dating back 
almost 100 years. According to a review 

105 Ilolliiiffs, H., Hiul Ilfty, S., ChcmiHtry d In¬ 
dustry, 12, 14a-55 (1934) ; Gas ,J., 205, 741-4 
(1934). 

106 Griffiths, H., J. Inst. Fuel, 8, 277-91 
(1935). 

197 Engelliardt, A., Gas- u. Wasstrfach, 71, 
290-7 (1928), 77, 189 93 (1934). 


of such processes by Carpenter,^®® a British 
patent was granted to Bowditch in 1860 for 
a process that comprises, first removing the 
hydrogen sulfide from the gas, reheating 
the gas to 140 to 215° C, passing it over 
iron oxide or lime to decompose the or¬ 
ganic sulfur compounds to hydrogen sul¬ 
fide^, aiKl then removing the hydrogen sul¬ 
fide formed. A few years later, Harcourt 
projiosed a ])rocess in which gas was passed 
through metallic iron turnings or wire at 
elevated temperature to decompose the 
sulfur compounds other than hydrogen 
sulfide. In 1875, Harcourt proposed pass¬ 
ing the heated gas through a hyer of 
small stones for the same purpose and also 
demonstrated his laboratory method for 
determining the total sulfur content of gas 
based on the same princijile. Around 1878, 
(Juaglio and Versiuann, of Stockholm, pro- 
])osed the use of clay balls impregnated 
with chlorides of different metals or the 
metals themselves. They jiroposed practi¬ 
cally all the catalytic metals and sjiecified 
216 to 288° C as working temperatures. 

Mechanical and chemical engineering 
jiroblems ]irevented commercial application 
of such lu’ocesses at these early dates, and 
the more recent dcveloiiments of commer¬ 
cial jirocesses have been the work of en- 

198 Carpenter, C., Gas World, 00, 863-71 

(1914). 
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gineers rather than of chemists. Pabst^®® 
applied the principles of blast-furnace stove 
operation for supplying heat to the gas, 
and a commercial plant treating about 4 
million cubic feet of gas per day was built 
and operated at Portland, Ore., in 1908. 
In this system two checkerbrick-packed 
stoves were used. During the time the gas 
was being heated by passing through one 
of the stoves, the other stove was off the 
line and was being heated by producer gas. 
By passing the gas alternately through one 
stove and then through the other it was 
heated to about 650® C and was then 
passed through purifier boxes to remove 
the hydrogen sulfide formed. The process 
reduced the organic sulfur from 59 grains 
to 17 grains per 100 cubic feet, a reduc¬ 
tion of about 71 percent. 

In England, a process generally known 
as that of Carpenter and Evans was de¬ 
veloped,^®® using fire-clay balls impreg¬ 
nated with a nickel salt and a reacting tem¬ 
perature of about 430° C. The design in¬ 
cluded gas-to-gas heat exchangers and 
tubes containing catalyst mounted in a set¬ 
ting where they were heated externally by 
combustion gases. The decomposition of 
carbon disulfide deposited carbon on the 
catalyst and formed hydrogen sulfide ac¬ 
cording to the equation: 

CS2 -h 2112 = 2 H 2 S + C 

Accumulations of carbon were removed 
when necessary by purging with inert gas 
and carefully admitting air until further 
carbon dioxide was no longer formed. Two 
plants were constructed and placed in op¬ 
eration by the South Metropolitan Gas 
Company in London, one at the Old Kent 
Road in 1913, and one at the East Green¬ 
wich Plant in 1914, each of which handled 
about 10 million cubic feet of gas per day. 

i99PabBt, H. M., Aw. Oaa Light J., 94, 407-9 
(1911). 


A reduction of 78 to 79 percent in organic 
sulfur, or from 35 to 40 grains per 100 
cubic feet inlet to about 8 grains outlet, 
has been obtained in commercial opera¬ 
tion.^®®* 200 Subsequent operation has been 
changed somewhat by the use of a pro¬ 
moter with the^ nickel catalyst and opera¬ 
tion at a lower temperature of around 300° 
C.2®^ Under these conditions, it has been 
claimed that deposition of carbon on the 
catalyst is virtually eliminated without sac¬ 
rificing the efficiency of organic sulfur re¬ 
moval stated above 

. Continued study on the catalytic decom¬ 
position of organic sulfur compounds has 
resulted in many patents on mixtures of 
catalysts and promoters. The process of 
Fischer and Tropsch used a mixed catalyst 
containing copper and Icad.^®® A process 
to convert carbon oxysulfide to hydrogen 
sulfide employed a copper sulfide catalyst 
containing copper and alkaline salts at 200 
to 250° C.2®^ Probably the most signifi¬ 
cant advance was the discovery that, in 
the presence of sufficient oxygen, catalysts 
could oxidize carbon disulfide to sulfur di¬ 
oxide 205 Thg Katasulf process for hy¬ 
drogen sulfide oxidation and recovery as 
ammonium sulfate was previously described 
under hydrogen sulfide removal; it oxi¬ 
dizes and removes some carbon disulfide. 
The operation of the Katasulf plant was 
primarily for hydrogen sulfide removal, but 

200 Evans, E. V., J. Oas Lighting, 128, 602-4 
(1914), 120, 199-201 (1915). 

201 Evans, E. V., and Stanler, H., Proc. Roy. 
Soc. {London), 105A, 620-41 (1924). 

202 nollings, H., and Evans, B. V., Jn»t. Oas 
Engra., Commun. 146 (1936), pp. 7-8; Oaa 
World, 105, 393-5, 411 (1936). 

203 Fischer, P., and Tropsch, H., Brit. Pat. 
254,288 (1925). 

204 Society italiana ricerche industrial!, Brit. 
Pat. 370,978 (1931). 

205 Griffith, R. H., Jnat Oaa Engra., Oommun. 
175 (1937), pp. 44-64; Oaa World, 107, 881-3 
(1937). Griffith, R. H., and Plant, J., Brit. Pat. 
489,.398 (1988). 
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tests were made which showed a reduction 
in organic sulfur from 20 to 22 grains per 
100 cubic feet inlet to 13 grains outlet.^®^ 

Other catalytic processes have been stud¬ 
ied to remove the carbon disulfide as me¬ 
tallic sulfides. None of these processes are 
known to be applied to coal gas, and the 
reader is referred to the extensive bibliogra¬ 
phies and the discussions by Huff and co- 
workers.“°®' Copper-uranium and ce¬ 
rium-uranium catalysts were reported to 
be effective for removing all the organic 
sulfur compounds, and copper-vanadium 
and copi)er-chromiiim were recommended 
for simultaneous al)sori)tion of hydrogen 
sulfide and organic sulfur; the cata¬ 

lyst can be regenerated by burning off the 
sulfur with air. Houdry used a nickel 
oxide catalyst and also burnt off the sulfur 
from the spent catalyst. Another proc¬ 
ess used an iron oxide-soda ash mix¬ 
ture at temperatures around 230® C. 

Another process primarily for the con¬ 
version of carbon monoxide to nonpoison- 
ous compounds incidentally converts most 
of the organic sulfur comiiound.s to hydro¬ 
gen sulfide. It employs an iron oxide cata¬ 
lyst ;it about 400° C to convert carbon 
monoxide to carbon dioxide and hydiogen 
by the well-known reaction 

CX) + HaO = C()2 + Hs 

About SO to 00 iiercent of the organic sul¬ 
fur IS converted to hydrogen sulfide.-” 

A jirocess using an alkaline solution 

-06 Huff, W. J., and lloltx, J. C., iVoc. Am. 
(Jan innor , 1027, 1430 9 

■JOTHuff, W. J., and Logan, li., ibid., 103«, 
724-52. 

208 Huff, W. J., and Lusby, 0. W., U. S. Pats. 
1.900,882 (1933), 1,947,770 (1934). 

209 Iloudry, E., Natl. Petroleum News, SO, 
K 579 (1938). 

2ioRoeleii, O., and Feisst, W., U. S. Pat. 2,- 
110,240 (1938). 

211 SchuBter, F., Gas- u. Waascrjach, 70, 450-4 
0936). Mtiller, W. J., Oeeterr. Chem.-Ztg., 38, 
81-6 (1938). 


around 100° C to convert organic sulfur 
to hydrogen sulfide has been proposed .212 
Solutions suggested include amines such as 
triethenolamine and also alkaline salts of 
amino acids. 

REFRIGERATION AND CONDENSATION 

When coal gases are compressed and 
cooled to low temperatures to separate 
various fractions, the process can be so op¬ 
erated as to obtain a fraction containing the 
carbon disulfide. A condensate containing 
the carbon disulfide together with the hy¬ 
drocyanic acid can be obtained by cooling 
the compressed gases to between -90 and^ 
—100° C by heat exchange with the gases 
leaving an expansion engine 

Present Trends 

With the use of gas for greater numbers 
of new processes, there is a growing inter¬ 
est in more nearly complete removal of 
sulfur compounds. Also, gas-burning equip¬ 
ment is being made more automatic, and 
such equipment is expected to operate for 
long periods of time without attention. It 
IS becoming more important to reduce cor- 
ro.sion from the gas and its products of 
combustion so as to minimize attention 
and maintenance. Some metallurgical uses 
of coal gas have already required gases of 
lower .sulfur content. Greater attention to 
this subject is also being shown, and a 
growing number of applications that re¬ 
quire gases of lower sulfur contents are to 
be expected. In the future it may become 
necessary to use poorer coals with higher 
sulfur contents. As such coals will produce 
gases of higher hydrogen sulfide and or¬ 
ganic sulfur contents, the importance of 
sulfur-removal processes will increase still 
further. 

212 I. G. Farbenindustrie A.-G., Brit. Pat. 461,- 
001 (1937). 

213 Wucherer, J., Qaa- u. Wasaerfaoh, 78, 118- 
21 (1936). 
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RECOVERY OF AMMONIA, CYANOGEN, PYRIDINE, AND OTHER 
NITROGENOUS COMPOUNDS FROM INDUSTRIAL GASES 

William H. Hill 
Mellon Institute of Industrial Research 


When coal or other solid, carbonaceous 
fuels are carbonized or gasified, there ap¬ 
pear in the gas nitrogen, ammonia, cyano¬ 
gen, and various nitrogenous heterocyclic 
compounds, such as pyridine and its hom¬ 
ologs. They arc, of course, primarily de¬ 
rived from the nitrogen contained in the 
fuel, though the nitrogen of the air which 
gets into the carbonizing and gasifying 
equipment through unavoidable leaks may 
contribute, by synthesis, to an insignificant 
degree. 

The subject of nitrogen in solid fuels is 
dealt with in detail in Chapter 13, but the 
findings of various investigators will be 
briefly reviewed here. The ])roportion of 
nitrogen in American coals usually aver¬ 
ages from 1 to 2 percent.^ Lewes‘S gave 
the average as 1.4 percent, with the high¬ 
est figure for coal as 1.8 percent and for 
peat as 3 percent. Knublauch® showed 
for German coking coals a range from 1.1 
to 1.6 percent. Schilling analyzed a va- 

iFieldner, A. C., V. 8. Bur. Mines, Bull. 33 
(1913), Part 1, p. 30. 

2 Lewes, V. B., The Carbonisation of Coal, 
John Allan and Co., London, 1912, p. 247. 

8 Knublaiicli, O., J. Oasbelcucht., 30, 440-8 
(1883). 

4 Schilling, E., dissertation, Miinchen, 1887, 
as quoted by Lunge, G., and Kohler, H., JHe 
Industrie des Steinkohlenteers und des Ammoni- 
aks, 5th ed., F. Vieweg & Sohn, Braunschweig, 
1912, Vol. 2, p. 121. 


riety of European coals and found German 
bituminous coals to contain from 1.1 to 
1.5 iiercent, an English coal 1.45 percent, 
and Bohemian brown coals from 0.5 to 
1.5 percent. Tichaner ® gave the range as 
1 to 2 percent, and he pointed out that 
younger coals usually contain more nitro¬ 
gen than older ones. Drehschniidt,^* who 
investigated a large numi)er of European 
coals, found on an average for English 
coals 1.7, Westphalian 1.6, and Silesian 
1,4 percent. McLeod^ reported that the 
average nitrogen content of 80 coals was 
1.43 jiercent. Caro^ comiiared a German 
coal and its bony wa.sh residue; the clean 
coal had 1.7 percent nitrogiai, but the 
rcfu.se analyzed from 0 9 to 1 jiercent, 
though according to its coal content of 
about 30 iiercent it should have analyzed 
only 0.5 jiercent nitrogen. This difference 
is due to the nitrogen content of the iKiiiy 
portion of the residue. Tidy ^ reported a 
Welsh coal with 0.9 iierciuit, two English 

sTiehauor, II., ,7. Cashelcucht, 37, 363 8, 
381-5 (1894); J. Soo. Chem. Ind., 14, 143 
(1895). 

fi Drohsc’ljmidt, II., J. Gasbeleucht., 47, 677- 
82 (1904). 

7 McLeod, J., J. Soc. Chem. Ind., 3«, 135-9 
(1907). 

8 Caro, N., Ger. Pat. 198,295 (1908). See 

alHo Vol. 2, 105, of ref. 4. 

«Tidy, C. M., Private eominunieation to 
Luiige, Lunge Kohler, ref. 4, Vol. 2, p. 121. 
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coals with 1.2 and 1.3 percent, and a Scotch 
coal with 1.4 percent nitrogen. Wolffin 
a broad survey of byproduct recovery, es¬ 
pecially from producer gas, gave analyses 
of many coals; among them Ruhr coals 
averaged 1.6 and Saar coals 1.4 percent 
nitrogen. Terres^^ pointed out that no 
coal has been found as yet which does not 
contain nitrogen. Peat usually contains 
0.9 to 2 percent, brown coal 0.6 to 2 per¬ 
cent, bituminous coal 1.2 to 1.6 percent, 
and anthracite 1 percent nitrogen. Trenk- 
ler ,^2 in an economic study of power gen¬ 
eration and the influence of recovered by¬ 
product values on the cost of power, com¬ 
pared the nitrogen contents of various 
grades of coal; he found 1.6 percent for 
peat, 1.2 percent for brown coal, 2.4 per¬ 
cent for subbituminous, 1.4, 1.3, and 1.6 
percent for various bituminous grades in¬ 
cluding culm, and 1.7 percent for a semi¬ 
anthracite. 

In considering these various analyses it 
is well to remember that, as was pointed 
out by Gluud and Breuer and by Gluud 
and Jacobson,the Dumas and Kjeldahl 
methods of determining nitrogen in coal 
and coke are not distinguished by very great 
accuracy. However, since, according to 
Gluud, the older investigators usually re¬ 
ported too low results, 1.5 percent would 
appear to be a fair average for the nitro¬ 
gen content of known and practically used 
coking coals in the more important indus¬ 
trial countries. 

10 Wolff, O., Stahl It. Eiaerij 34, 473-80, lj79- 
83 (1914). 

11 Terrea, E., J. Oaaheleucht., 59, 519-21 

(1910) ; J. Soc. Chcm. Ind., 36, 586 (1917). 

12 Trenkler, H. R., Z. Ver. deut. Ing., 62, 85- 
91 (1918) ; Gluud, W., aud Jacobson, D. L., In¬ 
ternational Handbook of the Byproduct Coke 
Industry, The Chemical Catalog Co., New York, 
1932, p. 115. 

13 Gluud, W.. and Breuer, P. K., Gea. AbhandL 
Kenntnia Kohle, 3, 227-37 (1918). 

14 Gluud, W., and Jacobson, D. L., ref. 12, p. 
108, 


The question naturally arises how the 
nitrogen is bound in coal and what its ori¬ 
gin is. Although a considerable amount of 
work has been done on this important sub¬ 
ject, we are still very much in the dark 
about it, and it would seem that modem 
methods of investigation might do a use¬ 
ful job here. With a precise knowledge of 
the kind or kinds of nitrogen compounds 
contained in coal, a recovery more nearly 
complete, and perhaps in more valuable 
form, might become possible. 

Since, according to Torres,the wood 
of living trees such as beech, birch, and 
pines does not contain more than about 
0.1 percent nitrogen, it cannot be the sole 
origin of coal nitrogen. For this reason 
various authors have expressed their belief 
that vegetable or animal proteins and their 
degradation products have become mixed 
with the decaying wood substance and are 
responsible for the seemingly abnormally 
high nitrogen content of coals. Anderson 
and Roberts ascribed it to plant al¬ 
bumens and protoplasm. Rau and Hahn 
found the leaves of ferns to contain 1.85 
percent nitrogen, while fern humus con¬ 
tained 1.78 percent nitrogen. They con¬ 
cluded that there is no need for assumption 
of animal proteins as the original nitrogen¬ 
bearing substances, inasmuch as ferns and 
similar plants abounded in the flora of the 
carboniferous ages. Muhlert also consid¬ 
ered plant proteins to be primarily respon¬ 
sible but thought that infiltration of ani¬ 
mal degradation products might have con¬ 
tributed. Terres,^^ however, favored ani¬ 
mal protein as the mother substance of 

15 Anderson, W. C., and Roberts, J., J. Soc. 
Chcm. fnd., 18. 1099-104 (1899). 

le Ran, O., Stahl u. Eiaen, 30, 1235-46, 1282- 
97 (1910). 

17 Muhlert, F., Die Induatrie der Ammoniak- 
und Cyanverbindungen, Spamer, Leipzig, 1915, 

p. 61. 
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coal nitrogen. Porter^® sided with those 
favoring the plant proteins. 

Attempts to isolate nitrogenous sub¬ 
stances from coal—or at least to gain some 
idea of their constitution—^by comparative 
pyrolysis of known organic nitrogen com¬ 
pounds have had only a fair amount of 
success. Pictet and Ramseyer^® found 
that a distillate boiling at 110 to 265° C 
and 10 millimeters pressure, obtained from 
a benzol extract of coal, contained no nitro¬ 
gen compounds. Pictet and Bouvier dis¬ 
tilled coal at 450° C and 15 to 17 milli¬ 
meters pressure but found no ammonia in 
the aqueous distillate. However, the tar 
obtained gave on pyrolysis a considerable 
amount of ammonia and a high-tempera¬ 
ture condensate containing bases of pyri¬ 
dine odor. Harger thought that nitrogen 
occurred in coal in two or more essentially 
different compounds. He based his belief 
on the fact that during carbonization part 
of the coal nitrogen comes off as ammonia 
while another part stays behind in the 
coke. The former he considered to be in 
side chains and the latter in ring com¬ 
pounds. Harger quoted R. J. Friswell as 
having extracted coal with 50 percent nitric 
acid and having obtained ^^coal acids^' 
which on heating with zinc dust gave am¬ 
monia, pyridine, cyanogen, and hydrogen 
cyanide. He also quoted Anderson as hav¬ 
ing made similar extracts with sulfuric acid 
and as having come to the conclusion that 
these extracts had a nitrogen ring nucleus. 
In another vacuum, low-temperature dis¬ 
tillation of coal Pictet and Bouvier 22 found 

18 Porter, H. C., Ooal Carbonization, The 
Chemical Catalog Co., New York, 1924, p. 96. 

19 Pictet, A., and Ramseyer, L., Ber., 44, 2468- 
97 (1911). 

20 Pictet, A., and Bouvier, M., Ber., 46, 8342- 
63 (1913). 

21 Harger, J., J. Boo. Chem. Ind., 38, 889-92 
(1914). 

22 Pictet, A., and Bouvier, M., Ber., 48, 926-33 
(1916). 


bases in the tar obtained. Terres pyro- 
lyzed at 700 to 900° C a considerable num¬ 
ber of organic nitrogen compounds con¬ 
taining different nitrogenous groups and 
Unkages, to see if they yielded ammonia. 
Only those compounds which had an amino 
or substituted amino group gave ammonia. 
He concluded that coal must contain its 
nitrogen tied to carbon in a similar man¬ 
ner. In the same investigation, Terres ex¬ 
tracted coal with a number of solvents. 
Whereas the coal contained 1.15 percent 
nitrogen the extracts (all from poor sol¬ 
vents) contained from 2.3 to 2.8 percent. 
The residue from a pyridine extraction still 
showed 1.06 percent nitrogen, so that not 
much enrichment could have been obtained 
in the extract (for which he gave no fig¬ 
ure). This is particularly true in view of 
the great solvent power of pyridine with 
respect to coal. Cobb also pyrolyzed 
known nitrogen compounds. Aminoacetic 
acid gave off ammonia over a wide range of 
temperatures. The nitrogen of the solid 
residue seemed to become more firmly 
bound as the temperature was increased. 
Shacklock and Drakeleyextracted solid 
fuels with 33.4 percent sulfuric acid and 
found that they could extract very sub¬ 
stantial quantities of their nitrogen con¬ 
tents. The quantities extracted decreased 
in the following order: peat, lignite, sub- 
bituminous, bituminous, and anthracite; 
from peat 70 percent of the original nitro¬ 
gen was extracted. They found mono¬ 
amino acids to be present in all samples, 
amounting to 70 percent of the nitrogen 
extracted from the coals. Diamino acids 
were present in peat and lignite. Amides 
were present in all extracts and accounted 
for 15 to 20 percent of the extracted nitro¬ 
gen. 

28 Cobb, .T. W., Fuel, 124. 107-74 (1922). 

24 Shacklock, C. W., and Drukeley, T. J., J. 
Bov. Chem. Ind., 46. 478-81 (1927). 
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In normal coal carbonization, only part 
of the coal nitrogen is obtained as am¬ 
monia, the larger part remaining in the 
coke. This fact has been made the basis 
of the opinions of many of the investi¬ 
gators cited above, and it should therefore 
be pointed out that in coal hydrogenation 
practically all the coal nitrogen is released 
as ammonia.*®' Since in coal hydrogena¬ 
tion the temperature rarely exceeds 450“ C, 
and at this temperature in normal coal 
carbonization very little ammonia is given 
off, we may have in hydrogenation a splen¬ 
did tool to add new and valuable infor¬ 
mation on the nature of nitrogen com¬ 
pounds in coal. A perusal of the existing 
literature in the field might unearth data 
from which this information could be de¬ 
duced; or it might be obtained by running 
a series of tests on the hydrogenation of 
various nitrogen compounds to parallel the 
pyrolysis tests of Terres^^ and Cobb.-® 

Nitrogenous Products of Carbonization 
AND Gasification 

The most important nitrogenous prod¬ 
uct obtained in carbonization and gasifica¬ 
tion processes is ammonia. Next in im¬ 
portance is cyanogen or hydrogen cyanide, 
and finally, organic basic materials. 

AMMONIA 

Ammonia is not a heat-stable compound; 
at elevated temperatures it dissociates into 
its elements, nitrogen and hydrogen. Thus, 
Thau 27 noted measurable decomposition at 
350° C, and Ramsay and Young found 

2B Bergius, F., and Billwiller, J., Ger. Pat 
Appl. B73,471 (1915) ; Qbb. Abhandl. Kenntnia 
Kohle, 1, 167-9 (1916-6). Fischer, F., Conver¬ 
sion of Coal into Oils, Ernest Benn, London, 
1926, 297 pp. 

26 Fischer, F., and Tropsch, H., Qes. Ahhandl. 
Kenntnia Kohle, 2, 164-9 (1917). 

27 Thau, K., Ann., 181, 129-47 (1864). 

28 Ramsay, W., and Young, S,, J. Chem. 8oc., 
45, 88-98 (1884). 


decomposition to be pronounced at 500“ C 
when the ammonia was in contact with 
porcelain or iron, but only at a much higher 
temperature when a glass tube was used. 
They found complete decomposition at 
780“ C in iron and 70 percent decomposi¬ 
tion at 820“ C in porcelain. Short 2 ® noted 
28 percent destruction over firebrick at 
'Tull red heat.'^ Haber established the 
equilibrium conditions for ammonia at 
various temperatures in his famous inves¬ 
tigation, which was to become the basis of 
the synthetic-ammonia industry. Boden- 
stein and Kranendieck ®^ carried out funda¬ 
mental researches concerning the decompo¬ 
sition of ammonia at elevated tempera¬ 
tures. Foxwell®2 assembled data on the 
thermal dissociation of ammonia with spe¬ 
cial reference to coke-oven conditions. 
Using ammonia in a stream of moist coal 
gas in coke-packed silica tubes, he deter¬ 
mined velocity constants at temperatures 
from 520 to 850“ C. The influence of sur¬ 
face materials, which had already been 
noted by Ramsay and Young,^® was inves¬ 
tigated more in detail by Foxwell,*® who 
found that iron (particularly in its metal¬ 
lic form in coke-oven walls and in coke) 
was very detrimental, as was lime. Silica 
brick caused far less decomposition than 
an 80 percent siliceous brick. This great 
effect of the surface material had also pre¬ 
viously been noted by White and Mel¬ 
ville,®® who found that fifty times as much 

29 Short, A., J. Soc. Chem. Jnd., 26, 681-5 
(1907). 

30 Haber, F., and van Oordt, O., Z. anorg. 
Chem., 43, 111-5 (190r;), 44, 341-78 (1906), 47. 
42-66 (1906). Haber, F., and Le Rossignol, R., 
Bcr., 40, 2144-64 (1907) ; Z. Elektrochem., 14, 
513-8 (1908). Haber, F., Ger. Pat. 229,126 
(1909) ; Chem.-Ztg., 84, 345-6 (1910). 

31 Bodenstein, M., and Kranendieck, F., Nernat 
Featachrift, W. Knapp, HaUe, 1912, p. 88. 

82 Foxwell, G. B., J. Soc. Chem. Ind., 61, 
114-26T (1922). 

88 White, A. H., and Melville, W., J. Am. 
Chem. Soc., 27, 878-86 (1906). 



1012 


RECOVERY OF NITROGENOUS COMPOUNDS FROM GASES 


decomposition occurred on rough porcelain 
as on smooth glass; and by Woltereck,®^ 
who observed that dissociation started at 
320® C in contact with metallic iron cloth, 
and at 420® C on oxide of iron. Heckel 
had observed the deleterious action of iron 
in practical oven tests. When coal to 
which blast-furnace dust had been added 
was coked, the yield of ammonia “de¬ 
creased tremendously.” Mott and Mott 
and Hodsman,®® like Foxwell, tried to imi¬ 
tate coke-oven conditions and did most of 
their work with coal gas containing from 
1 to 2 percent ammonia. They observed 
jn particular the effect of catalysts likely 
to be encountered in the coke oven and 
corroborated the testimony of previous in¬ 
vestigators to the effect that iron and iron 
compounds (as encountered in old fire¬ 
brick and in coke) are bad actors; but they 
found fused silica and carbon deposited 
from coal-gas decomposition to be contact 
materials of low activity. In fact, when 
fused silica was covered thickly with car¬ 
bon, ammonia destruction at 900® C fell 
from 25 to about 13 percent. Hinshelwood 
and Burk made a physicochemical study 
of the thermal decomposition of ammonia 
on various surfaces, such as silica, platinum, 
and tungsten. Tungsten is the most effi¬ 
cient catalyst. Schmidt®® noted accelera¬ 
tion of ammonia decomposition in a porce¬ 
lain tube and traced it to metallic iron pro¬ 
duced from the tube by the reducing ac- 

34 Woltereck, H. C., Compt. rend., 147, 460-1 
(1908). 

36 Heckel, W., Stahl u. Eisen, 33, 402-0 
(1913) ; GlUckauf, 40, 361-4 (1913). Muhlert, 
F., p. 62 of ref. 17. 

36 Mott, R. A., Gaa World, 78, No. 2015, Cok¬ 
ing Sect., 12-7 (1923) ; Colliery Guardian, 125, 
578-9 (1923). Mott, R. A., and Hodsman, H. 
J., J. Soo. Chem. Ind., 42, 4-12T (1923). 

37 Hinshelwood, C. N., and Burk, R. R., J. 
Chem. Soc., 127, 1105-17 (1925). 

88 Schmidt, A., Z. angeto. Chem., 38, 1146-54 
(1925). 


tion of the ammonia decomposition prod¬ 
ucts. 

But the thermal decomposition of am¬ 
monia is not the only cause of losses. Oxi¬ 
dation by air (from leaks in the ovens) 
may be a contributory cause. Thus Som¬ 
mer®® disclosed that at temperatures as 
low as 150® C oxidation is detectable, at 
250® C it amounts to 5.86 percent, and at 
450® C to 12.89 percent. Greenwood and 
Hodsman^® and Greenwood*^ also dealt 
with the destructive effect of oxygen, using 
coal gas or nitrogen as the carrier for am¬ 
monia and oxygen, and working also with 
a mixture of air and ammonia. Destruc¬ 
tion was greatest with air and least with 
coal gas. Mott and Hodsman ®® found am¬ 
monia mixed with air to be decomposed 
to the extent of 84 percent at 700® C, when 
passed over broken firebrick. 

Fortunately protective agents and condi¬ 
tions allow preservation of ammonia to an 
extent far above the proportion its equi¬ 
librium would permit. Since hydrogen is 
the major decomposition product, it would 
be expected to suppress further destruc¬ 
tion, at least to some extent. This is borne 
out by the findings of Mott and Hods¬ 
man,®® who actually observed less decom¬ 
position in hydrogen and more in nitrogen 
than in coal gas. Coal gas, on account of 
its great hydrogen content, would be ex¬ 
pected to lake a place between hydrogen 
and nitrogen. Hinshelwood and Burk®^ 
also found hydrogen to retard ammonia de¬ 
composition but strangely did not note any 
effect of nitrogen. White and Melville®® 
dissented, claiming that dilution with hy¬ 
drogen or nitrogen is without influence 
“provided the time which each ammonia 
molecule stays in the tube is not changed.” 

89 Sommer, F., Stahl u. Eiaen, 39, 261-6, 
294-8, 349-53 (1919). 

40 Greenwood, H. D., and Hodsman, H. J., J. 
Soc. Chem. Ind., 41, 273-9T (1922). 

41 Greenwood, H. D., Gas J., 161, 750-1 (1923). 
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However, by far the greatest protective 
agent ever discovered is steam. Probably 
Thau discovered it when he observed a 
reduction in decomposition to one-twen¬ 
tieth on switching from dry to moist gas. 
Mond^* made practical use of this dis¬ 
covery when he proposed to gasify coal 
in the presence of excess steam to obtain 
larger ammonia yields. Drehschmidt ® 
made the same observation, but White and 
Melville dissented again and thought 
that the presence of water vapor somewhat 
increases decomposition. Woltereck 
found the temperature of the initial de¬ 
composition lowered by steam. Simmers- 
bach^® favored the use of steam to in¬ 
crease ammonia formation, and Sommer,®® 
too, was convinced of the preserving action 
of steam, attributing it to the formation 
of ammonium hydroxide. Mott and Hods- 
man ®® made a fine contribution to the un¬ 
derstanding of this problem. Using coke- 
oven gas containing from 1 to 2 percent 
ammonia, they obtained the data given in 
Table I. Pexton and Cobb gasified coke 
at 900° C in an amount of steam similar 
to that used in a water-gas generator. Lit¬ 
tle ammonia survived dissociation. By 
trebling the amount of steam, however, 
they obtained total recovery of ammonia. 
Schmidt ®® tried to find the reason for this 
effect of steam and believed that it sim])ly 
prevents the formation of metallic iron, 
which would serve as a decomposition cata¬ 
lyst. 

Other, less practical agents have been 
observed and reported, chief among them 
hydrochloric acid. Though Mond^® was 
apparently the first to disclose it, and even 
mentioned practical tests in which he 

42Mond, L., J. Boc. Chem. Ind., 8, 505-10 
(1889). Lunge-K6hler, Vol. 2, p. 152, of ref. 4. 

43 Simmersbach, 0., Btahl «. Biaen, 84, 1153-9, 
1204-13 (1914). 

44 Pexton, S., and Cobb, J. W., Oaa J., 163, 
160-73 (1928): Oaa World, 78, 619-80 (1928). 


TABLE I 

Decomposition of Ammonia at 850° C in 
Coke-Oven Gas 

Percent Percent Percent Percent 


Steam in gas 
Decomposed 

3.2 

5.4 

17.5 

ammonia 

98.5 

85.0 

20.5 


dropped brine or calcium chloride on the 
fuel bed of a Mond producer, it was left 
to Foxwell ®® some 30 years later to go into 
considerable experimental detail on this 
question. He believed the formation of 
ammonium chloride to be at the bottom 
of it. Schmidt,®® on the other hand, 
thought that hydrogen chloride merely 
made the formation of metallic iron im¬ 
possible and thereby eliminated the worst 
decomposition catalyst. 

The other disclosures of protective agents 
are of even less importance. Thau dis¬ 
covered that mercury vapors are half as 
effective as steam, and Sommer®® found 
hydrogen sulfide to counteract the effect of 
oxygen on ammonia. 

But purely mechanical means are also of 
great importance in preserving ammonia. 
Simmersbach pointed out that a high 
velocity of the gases hinders the decompo¬ 
sition of ammonia. Cobb^® observed that 
in a carbonizing test he obtained 22.5 per¬ 
cent of the coal nitrogen as ammonia at 
800° C when the gases were removed at 
once from the hot part of the tube, but 
that the yield dropped to 17.2 percent when 
the gas passed through the red-hot part of 
the tube before its exit, and to 9.4 per¬ 
cent when it passed through red-hot coke. 
Sachs, as quoted by Terres,^^ was able 
largely to avoid decomposition of ammonia 
above 800° C by the use of a “hot-cold” 
tube. Greenwood agreed that the 
most important factor in ammonia preser- 

45 Cobb, J. W., J. Oaa Lighting, 126, 329-81 
(1914). 
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vation is its rapid removal from the hot 
retort. 

A warning was sounded by Thau^® in 
connection with the practical interpreta¬ 
tion of many of the results reported above. 
He pointed out the danger of translating 
laboratory results into actual practice. 
Tests which he made on coke ovens showed 
that high temperatures of oven tops did 
not decompose ammonia. He explained 
this result by saying that, in normal oven 
operation, temperatures at which ammonia 
is decomposed at high rates are reached 
only when most of the ammonia has al¬ 
ready been evolved; therefore, though the 
decomposition rate may be high, the effect 
on the total ammonia yield is negligible. 
Thau denied also the deleterious effect of 
iron compounds. He placed a layer of 
blast-furnace dust on the oven charge and 
found no reduction in ammonia yield. In 
view of the findings of other investigators, 
particularly of Heckel,*® Thau perhaps 
may have failed to notice this effect only 
because he placed the iron-containing dust 
on the coal charge instead of mixing it 
with the coal. 

CYANOGEN AND HYDROCYANIC ACID 

Not only is ammonia lost by thermal 
dissociation into its elements; part of it 
is converted to other nitrogenous com¬ 
pounds, chiefly to hydrocyanic acid. The 
available literature does not often differ¬ 
entiate between cyanogen proper and hy¬ 
drocyanic acid. The customary practice of 
using cyanogen as a collective term will be 
followed in the present chapter. 

Various authors quite generally agree 
that under the conditions existing in car¬ 
bonizing and gasifying equipment a consid¬ 
erable portion of the ammonia formed from 
the coal nitrogen is converted to cyanogen. 

40 Than, A., Brennstoff Chem., 1, 52-8, 60-8 
(1920). 


Thus it is not lost, but may eventually 
be recovered in a useful form either as 
such, in the form of cyanides, or even as 
ammonia, upon hydrolysis of the cyanogen. 
Considerable work has been done to clear 
up the mechanism of this conversion and 
to discover the best reaction conditions. 
About a hundred years ago, Langlois^^ 
passed ammonia over red-hot carbon and 
obtained ammonium cyanide. Bergmann 
went into more detail and investigated the 
yields at various temperatures. Pure am¬ 
monia and charcoal gave 4 percent conver¬ 
sion at 800* C and 24 percent at 1,000* C. 
When the ammonia was diluted with illu¬ 
minating gas, 60 percent was converted at 
about 1,150* C, 20 percent being unchanged 
and 20 percent decomposed. Iron was ob¬ 
served to be a decomposition catalyst, and 
the gas velocity was found to be of great 
importance. Temperatures above 1,100* C 
favored the reaction, probably because the 
speed of hydrogen cyanide formation then 
was much greater than the speed of am¬ 
monia dissociation. The illuminating gas 
used was held to be a diluent only, since 
carburation with propane did not change 
the yields. 

White and Melville,®® in their work on 
the thermal dissociation of ammonia, ob¬ 
served a 4 percent conversion to hydrogen 
cyanide (probably from the carbon dioxide 
which they used as a diluent). Carpen¬ 
ter,^® experimenting with the reaction be¬ 
tween ammonia and methane, found the 
critical temperature of formation to be 
about 800“ C. At 855* C and a rapid rate 
of flow about 20 percent conversion was ob¬ 
tained. An extension of this work by Car- 

47 Langlols, M., Ann. chim. phya., (3), 1» 
111-7 (1841). 

4SBergmaDn, E., J. Gaabeleuoht., 39, 117-22 
(1896). 

49 Carppnfer, R, F., Progressive Age, 27, 575 
(1909) ; Chem. Aba., 8. 2747 (1909). 
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penter and Linder established the stabil¬ 
ity of hydrogen cyanide in the presence of 
coal gas at 1,000* C and the fact that eth¬ 
ylene gives higher yields than methane. 
Poindexter found that any carbonaceous 
material (illuminating gas, coke, benzene) 
will produce hydrogen cyanide from ammo¬ 
nia at 950 to 1,450® C and high velocities. 
At 1,200® C and contact times of 1 second, 
conversions as high as 70 percent were ob¬ 
tained, with only 5 percent of the ammonia 
lost by dissociation and 25 percent un¬ 
changed. Kuster imitated coke-oven con¬ 
ditions with respect to the concentrations 
of ammonia used, observing yields of hy¬ 
drogen cyanide of 5.4 percent at 800* C, 
12.8 percent at 900® C, 25.1 percent at 
1,000® C, and 40.0 percent at 1,100® C. 
Bredig and associates®® investigated this 
field very thoroughly, using acetylene, eth¬ 
ylene, methane, and carbon monoxide. They 
employed various catalysts, such as the 
oxides of aluminum, thorium, and cerium, 
and temperatures from 500® C to 1,100® C. 
Yields as high as 87.7 percent were re¬ 
ported. Kilster®^ has given an excellent 
survey of the available literature and sum¬ 
marized the possibilities of hydrogen cya¬ 
nide formation in the coke oven in the fol¬ 
lowing equations: 

(1) C + NH3 -- 

lie's + 112 —39.5 kilocalories 

(2) CH4 + NII3 

IICN -f 3il2—00.0 kilocalories 

60 Curpentor, R. F., Hiid Linder, S. E., J, Oas- 
btlvucht., 54, Una T) (1911). 

51 Poindexter, R. W., Jr., U. S. Pat. 1,584,137 
(1920). 

62 Kiister, II., disRertalion, Braun sell welg, 
1928, 62 pp.; Ges. Ahhandl. KcnnUiis Kohle, 11, 
008-19 (1931-3). 

rts Bredig, (}., Elod, E., and Demme, B., Z. 
Elektrochem., 30, 991-1003 (1930). Bredig, G., 
Elod, E., and Mtiller, R., ibid., 36, 1003-7 
(1930). Bredig, G., Elod, E., and KortUm, G., 
ibid., 80, 1007-23 (1930). 

64KaBter, H., Brennatotf-Chvm., IS, 329-34 
(1931). 


(3) CjHi + 2NH8 

2HCN + 4Hsr-63.0 kilocalories 

(4) C 2 H 2 + 2NH, --4 

2HCN + 3 H 2 —28.0 kilocalories 

(5) CO + NHa 

HCN H- H 2 O—10.0 kilocalories 

In conclusion of his survey, Kuster ex¬ 
pressed the belief that reaction 4 is the 
probable one for coke ovens. This presup¬ 
poses the existence of acetylene, which may 
well be formed from the methane of the 
gas. Inasmuch as acetylene is commonly 
suspected of being the mother substance of 
benzene and other aromatic hydrocarbons 
of coke-oven gas, such a supposition is quite 
reasonable, especially since its formation by 
thermolysis of methane and its homologs is 
well recognized.®® The influence of water 
vapor on the reaction was disclosed by 
Wheeler.®® The deleterious effect of carbon 
monoxide and oxygen was pointed out by 
Bergmann and Breneman,®^ although 
their observations are in disagreement with 
the findings of other writers and should be 
checked. Some authors of well-known text¬ 
books hold to the belief that cyanogen in 
coke ovens is largely formed from ammonia 
and incandescent coke,®®- ®® yet it may be 
concluded from the researches just pre¬ 
sented that the reaction involving acetylene 
is at the bottom of it. In any event there 
is no question that cyanogen is a product 
of high temperatures and of secondary reac¬ 
tions. It is with certainty not derived from 

.65 Pichler, II., diHseriation, Vienna, 1929; 
Peters, K., and Meyer, K., Gea. Abhandl. KennU 
nia Kohle, 9, 625-40 (1928-9). Banc, M., Ger. 
Pats. 501,179 (1930), 694,124, 594,126 (1934) ; 
U. S. Pat. 1,773,611 (1930). 

56 Wheeler, T. S., U. S. Pat. 1,982,407 (1934). 

57 Breneman, A. A., J. Am. Ohem. 8oc., 11, 
2-48 (1889). 

68 Gluud, W., and Jacobson, D. L., p. 119 of 
ref. 12. 

59 Lewes, V. B., p. 267 of ref. 2. 



1016 


RECOVERY OF NITROGENOUS COMPOUNDS FROM GASES 


the coal substance itself by primary break¬ 
down, because it has never been observed 
in any low-temperature treatment of coal, 
be it extraction or distillation. However, it 
may be derived to a minor extent by pyrol¬ 
ysis from the nitrogenous compounds ob¬ 
tained as the primary products of coal 
decomposition, for Ruhemann®® observed 
that pyridine on cracking yielded 6 to 7 
percent by weight of hydrogen cyanide. 

AROMATIC AND HETEROCYCLIC BASES 

Under the term pyridine are coimnoniy 
grouped a number of aromatic and hetero¬ 
cyclic bases, such as aniline, pyridine, pico- 
lines, lutidines, oollidines, and quinolines. 
Since their most important representative 
is pyridine, and since this is standard prac¬ 
tice, the term will be used collectively here¬ 
after. 

It has been pointed out in previous pages 
that the nitrogen compounds contained in 
coal may be partly of cyclic structure. 
Maillard made a very interesting test to 
imitate nature and synthesize coallike ma¬ 
terials which would give pyridine on car¬ 
bonization. He was able to condense sugars 
with various amino acids, and he found that 
the resulting humuslike substances readily 
yielded cyclic nitrogen compounds on heat¬ 
ing. On this he based his belief that the 
carbohydrates derived from cellulose com¬ 
bined with amino acids formed by hydrol¬ 
ysis of prehistoric protein material to form 
compounds, now existing in coal, which give 
rise to the formation of pyridine during the 
coking operation. Since the union of amino 
acids and sugars is observable at tempera¬ 
tures as low as 37® C, the proper conditions 
certainly existed during coal formation. 
Thus the appearance of cyclic and hetero- 

60 Ruhemann, S., ErdQl u. Teer, 8, 455-8 
(1929). 

61 Maillard, L. C., Compt. rend., 197, 850-2 
(1913). 


cyclic bases in the products of coal carboni¬ 
zation is not surprising. They have been 
observed even in low-temperature carboni¬ 
zation, in coal extractions, and in coal hy¬ 
drogenation. Only small quantities of the 
bases, however, were in the form of pyri¬ 
dine and its near homologs (so well known 
from coke-oven practice); the greater part 
was in the form of the higher homologs. 
Bornstein distilled coals ranging from 
high-volatile to low-volatile grade at 450® C 
and found bases other than ammonia in 
the tar. Torres found increased nitrogen 
contents in extracts obtained with various 
solvents. Pictet and Bouvier noted pyri¬ 
dine on pyrolysis of a vacuum tar made at 
450® C. In a later paper,-^ the same au¬ 
thors found the vacuum tar itself to con¬ 
tain bases, though less than 5 percent. 
Harger^i quoted Friswell as having ob¬ 
tained pyridine on heating '^coal acids'^ ob¬ 
tained by treatment of coal with 50 percent 
nitric acid. Jones and Wheeler vacuum- 
distilled coal and mentioned that the vac¬ 
uum tar contained small quantities of pyri¬ 
dine. Schneider distilled brown coal with 
steam; he found no bases up to 450® C, but 
they appeared when the coal was heated 
above that temperature. Fischer and 
Tropsch^e obtained amines such as pyri¬ 
dine on treatment of coal with hydrogen 
iodide and phosphorus. Wellington and 
Cooper,®® in their book on low-temperature 
carbonization of coal, reported that small 
quantities of pyridine, picolines, and luti¬ 
dines were observed in various tar frac¬ 
tions. Finally, the synthesis of pyridine 
and its homologs during carbonization of 

62 BSrnsteio, E., J. Oasbeleucht., 49, 627-30, 
667-71 (1906). 

63 Jones, D..T., and Wheeler, ll. V., J. Chem. 
8oc., IQS, 140-51T (1914). 

64 Schneider, W., Oes. Ahhandl. Kenntnis 
Kohle, 2, 80-127 (1917). 

66 Wellington, S. N., and Cooper, W. R., Low 
Temperature Carbonisation, Charles GriflEln and 
Co., London, 1924, p. 127. 
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coal may contribute to the final yield ob¬ 
served in gas and tar. Tschitschibabin and 
Moschkin discovered that pyridine bases 
could be synthesized conveniently from 
ammonia and acetylene at temperatures 
around 400® C. Since the formation of 
acetylene from methane by thermolysis is 
known,®® the conditions for such a synthesis 
should exist in a coke oven or other gas¬ 
making equipment. Such a synthesis, first 
suggested by Berger,®^ would seem particu¬ 
larly plausible since Burgess and Wheeler 
found in the gases of their vacuum distilla¬ 
tions of coal appreciable quantities of acety¬ 
lene—0.5 percent at 300® C. The Tschit¬ 
schibabin reaction starts at 300® C and is in 
full swing at 400® C,^ so that the proper re¬ 
action conditions are present. 

YIELDS OF NITROGENOUS BASES ATTAINABLE 

The discussion so far has dealt with the 
more theoretical aspects of the origin of 
nitrogenous compounds in fuel gases and 
the factors influencing their production and 
their stability at production temperatures; 
the actual conversion of coal nitrogen into 
useful products and the practical means by 
which it can be influenced will now be ex¬ 
amined. Since many writers have covered 
the field broadly it will not always be pos¬ 
sible to difi’erentiate between ammonia, cy¬ 
anogen, and pyridine, and the three will 
therefore frequently be lumped together. 
Where separation is jiossible they will be 
handled in the usual sequence. 

Nitrogen compounds from coal are nor¬ 
mally thought of in connection with coke 
ovens and gas-house retorts. However, they 
are quite generally produced wherever solid 
fuels of any kind are carlionized or gasified, 

66 Tschitschibabin, A. E.. and Moschkin, P. A., 
J. prakt. Chcm., (2), 107, 109-21 (1924). 

67 Berger, C., Rev. gfn. chim., 13, 246-8 
(1910). 

68 Burgess. M. J., and Wheeler, R. V., J. Chem. 
Soc., 105. 131-40 (1914). 


as in producers, water-gas machines, and 
blast furnaces. Naturally, conditions are 
not always favorable for their preservation, 
but the main factor is the tremendous dilu¬ 
tion in all equipment but the coke oven and 
gas retort. This dilution, although it is in 
itself favorable to increased ammonia pro¬ 
duction, makes the recovery of the nitrogen 
compounds generally uneconomical. This 
was pointed out by Anderson and Rob¬ 
erts,^® who emphasized that 130,000 cubic 
feet of blast-furnace gas must be handled 
per ton of coal compared with 11,000 cubic 
feet in coke-oven practice. 

In the carbonization of coal at low tem¬ 
peratures (less than 500® C) the yields of 
ammonia and pyridine are very small, and 
cyanogen is totally absent. In fact, when¬ 
ever yields approaching those of the coke 
oven are reported, they can usually be 
taken as an indication that the products of 
carbonization were overheated somewhere 
in the apparatus. Bornstein,®^ distilling 
high- and low-volatile coals at 450® C, 
found ammonia and pyridine, but no cyan¬ 
ogen. Bauer®® carbonized a medium-vol¬ 
atile coal at 400® C and noted very low 
ammonia yields. Parr and Olin reported 
0.8 pound of ammonia per ton of coal. Pic¬ 
tet and Ramseyer distilled coal at 450® C 
but did not even mention nitrogen com¬ 
pounds in their products. Pictet and Bou- 
vier,“® in another report on a vacuum dis¬ 
tillation at 450® C, expressly stated that no 
ammonia or ammonium salts were obtained, 
but that the vacuum tar on pyrolyzing at 
red heat yielded abundant ammonia and 
traces of pyridine. In another vacuum tar 
the same investigators found bases, but 
no ammonia. Jones and Wheeler®® found 
mere traces of ammonia and pyridine in 

69 Bnuer, A., dissertation, Rostock, 1908. See 
Grbppel, H., Qes. Abhandl. Kenntnia Kohle, 1, 
96 (19ir>-0). 

70 Purr, S. W., and Olin, H. L., J. 8oc. Chem. 
Ind., Sa. 589 (1913). 
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their vacuum tar. Schneider reported no 
bases from brown coal up to 450“ C but 
found them above that temperature. In a 
very detailed study of the distribution of 
coal nitrogen in low-temperature carboni¬ 
zation Fischer and Gluud^^ found one- 
third liberated, but mostly as free nitrogen 
and very little as ammonia. Gluud and 
Breuer went into more detail and found 
that the nitrogen distribution, calculated on 
the bfisis of the coal nitrogen, was as shown 
in Table II. The 16.5 percent unaccounted 

TABLE II 

Nitrogen Distribution in Products of Coal 
Carbonization, on the Basis of the Nitro¬ 
gen in the Coal 


In the semicoke 

Percent 

66.1 

As ammonia 

1.8 

As pyridine 

0.4 

In tar 

4.4 

In the gas as free nitrogen 

10.8 

Total 

83,5 


for was traced to the inaccuracies of the 
methods for determining nitrogen in coal 
and coke. The authors pointed out ex¬ 
pressly that the nitrogen in the gas was 
actually determined and not obtained by 
difference, as is usual. Fritsche,^- in an 
exhaustive study of the gases given off dur¬ 
ing low-temperature carbonization, did not 
even mention ammonia or pyridine, so their 
absence may be presumed. Wellington and 
Cooper in their book on low-temperature 
carbonization claimed an average produc¬ 
tion of 18 pounds ammonium sulfate per 
ton of coal and gave figures from 12 to 
26 pounds for well-known low-temperature 

71 Fischer, F., and Gluud, W., Oes. Ahhandl. 
KenntniB Kohle, 3, 213-6 (1918). 

72Fritsche, W., Och. Ahhandl. Kenntnis KohJv, 
6 , 450-500 (1921). 

78 Wellington, S. N., and Cooper, W. R., p. 54 
of ref. 65. 


schemes. Gluud definitely stated that no 
cyanogen is formed at low temperatures, 
and Porter reported that “NH., is not 
formed appreciably below 500“ C.^’ 

As carbonization temperatures go up the 
yields increase, esjiecially that of ammonia. 
Roberts aptly summarized the situation 
when he gave as average yields 12 pounds 
ammonium sulfate below 600“ C, 15 pounds 
at 750“ C, and 30 pounds above 900“ C. 
Many of the so-called low-temperature car¬ 
bonization processes actually operate at me¬ 
dium temperatures of 600 to 700“ C, a fact 
that explains the often-claimed high am¬ 
monia yields of these processes. Since low- 
temperature carbonization has never be¬ 
come a real commercial success there is no 
need for a detailed accounting of such proc¬ 
esses, and the reader is referred to books 
such as that of Wellington and Cooper®® 
for yield figures on ammonia and other ni¬ 
trogen compounds. 

The tremendous influence of temperature 
on the release of coal nitrogen is ])ro])erly 
illustrated by a number of important inves¬ 
tigations, some of which are summarized in 
Tables III to VI. 

TABLE 111 


Influence of Temperature on Distribution 
OF Nitrogen in Carbonization Products 

(Percentage of Coal Nitrogen) 


Temperature, 

°C 

600 

700 800 

9(K) 

In the coke 

72.4 


62.1 

As ammonia 

10.6 

19.6 21.0 

Less than 
21.0 

As cyanogen 
and in tar 

11.87 

2.3 .... 


As free nitrogen 5.13 

8.0 .... 

15.6 


74 Porter. H. C., p. 97 of ref. 18. 

7.'» Roberts, J., Goal Garhonization, High and 
Low Temperature, Sir Isaac Pitman and Soiih, 
London, 1927, p. 76. 

78 Mayer, M., and Altmayer, V., J. Gaabc- 
Icucht., 50, 25-31 (1907). 
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TABLE IV 

Influence of Temperature on the Distribution of Nitrogen in Carbonization Products “ 


(Taking as 100 Percent the Nitrogen Content of the Dry Ash-free Coal) 


Temperature 

°C 

As 

Ammonia 

percent 

As Hydro¬ 
cyanic Acid 
percent 

In Tar 

percent 

As Free 
Nitrogen 
in Gas 

percent 

In Coke 
percent 


A. Upper Silesian Coal (1.396 jiercent nitrt)gen) 




(a) Size, V/i mm 



600 

7.81 

0.25 

2.12 

18.13 

71.69 

700 

18.13 

0.66 

3.65 

12.13 

65.43 

800 

21.28 

0.87 

3.47 

10.73 

63.65 

900 

24.12 

1.19 

4.15 

12.14 

58.40 

1,000 

23.15 

1.23 

5.11 

21.53 

49.98 

1,100 

23.09 

1.31 

3.70 

30.51 

41.39 

1,200 

22.84 

1.42 

4.21 

45.10 

26.43 



(6) Size, 6-10 mm 



850 

23.75 

1.11 

3.62 

15.67 

55.95 

900 

24.19 

1.23 

3.47 

16.81 

54.30 

1,000 

22.69 

1.26 

3.39 

23.79 

48.87 


B. Westphalian Coal (1.391 percent nitrogen) 




Size, 2-2)^ mm 



800 

19.46 

0.76 

1.92 

5.88 

71.98 

850 

22.14 

1.10 

1.77 

4.93 

70.06 

900 

19.94 

1.11 

1.61 

9.99 

67.35 

1,000 

19.61 

1.25 

1.87 

21.54 

55.73 


C. Lower Silesian Coal (0.965 percent nitrogen) 




Size, 2 2}^ mm 



850 

24.74 

1.49 

2.63 

4.56 

66.58 

900 

26.95 

1.61 

2.73 

5.04 

63.67 

1,000 

25.49 

1.87 

2.60 

15.71 

54.33 


TABLE V 


Yield of Ammonia as a Function of the Carbonization Temperature^^ 


(In Percent of the Coal C’arbonized) 


Works Car- 


Laboratory Carbonization bonization 


Temperature, ®C 

400 

500 

600 

700 

800 

900 

900-950 

South Yorkshire coking coal 

0.022 

0.035 

0.149 

0.398 

0.432 

0.442 

0.32 

Durham coking coal 

0.015 

0.071 

0.130 

0.230 

0.391 

0.473 

0.31 

South Wales coking coal 


0.038 

0.128 

0.292 

0.316 

0.346 

0.25 

TTPoxwell, G. B., Fuely 3, 

, 227-35 

(1924). 

Wlgginton, R., 

Coal 

Carbonisation, 

Ballli^re, 


Tindall and Cox, London, 1929, p. 108. 
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TABLE VI 


Concentration op Ammonia in Aqueous Distillate as a Function op Carbonization 

Temperature 


Temperature, ®C 400 450 

Ammonia in grama per liter 
of aqueous distillate 1.24 2.27 

High-temperature carbonization processes 
operating at, say, above 900® C, give the 
maximum conversion of coal nitrogen to 
useful compounds and, since they are vastly 
preponderant in the industrial set-up, will 
be considered primarily. Conversions which 
have been reported for normal carboniza¬ 
tion are summarized in Table VII. Indi- 


500 

550 

600 

650 

700 

3.23 

6.61 

12.06 

11.64 

16.68 


Very little information is available on the 
actual production of pyridine, chiefly be¬ 
cause of the lack of interest in this product 
which prevailed in the past. Another rea¬ 
son is the fact that so far pyridine has 
been recovered almost exclusively from tar, 
though substantial quantities are contained 
in the gas and may be recovered from am- 


TABLE VII 

Distribution of Nitrogen in the Products of Normal Carbonization 


(In Percent of Coal Nitrogen) 



In the 

As 

As 

In the 

As Free Nitrogen 

Author 

Coke 

Ammonia 

Cyanogen 

Tar 

(by difference) 

Foster 

48.68 

14.50 

1.56 


35.26 

Knublauch * 

31-36 

10-14 

1.5-2 

1.0-1.3 


Knublauch 


12-14 

2 

1.33 


McLeod ^ 

68.3 

17.1 

1.2 

3.9 

19.5 

Short 29 

43.31 

16.16 

1.43 

2.98 

37.12 

Heckel 


11-25 

1.6-4.4 



Stone 

46.30 

13.05 

1.42 


39.23 


vidual ammonia yields, especially as influ¬ 
enced by the type of raw material and car¬ 
bonizing equipment, are shown in Table 
VIII in pounds of ammonium sulfate per 
ton of coal. 

The practical yields of hydrocyanic acid 
have been reported to range from 0.62 to 
1.96 pounds i)er ton of coal.®* 

78 Slnnatt, F. S., King, J. G., and Liniiell, W. 
H.. ./. Nor?. CJiem. Ind., 45, 385-93T (1926). 

7W Foster, W., J. Gas Lighting, 40, 124-6, 
1081-2 (1882) ; J. Ghent. Soc., 43, 105-10 

(1883). 

80 Knublanch, O., J. Gasheleucht., 38, 709-73, 

753-7 (1895) ; J. 8oc. Ghent. Ind., 15, 106 

(1896). 

81 Stone, C. H., Gas Age-Record, 51, 241-3 
(1923). 


monia liquor, from the saturator operation, 
and from the light oil, depending on the 
plant set-up. Since light oil, tar, and am¬ 
monia liquor are dealt with in Chapters 28, 
31, and 32, the present discussion will be 
confined to the gaseous phase. Recovery 
from the gas has become of importance 
through the opening up of new outlets for 
pyridine l)ases whose needs cannot be sup¬ 
plied by production from tar alone. 

Klempt and Rober have made a thor¬ 
ough study of the recovery of pyridine from 

82 Parrish, P., Gas J., 144. 413-20 (1918). 
Anon., Ghent. Age, 1, 90-2 (1919). Espenhahn, 
E. V., Ghent, d Met. Eng., 26, 938-41 (1922). 

83 Klempt, W., and R6ber, R., Ghent. Fahrik, 
13, 65-8 (1940) ; Ind. Chemist, 16, 159 (1940). 
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TABLE VIII 

Yields op Ammonium Sulfate Obtained Commebciallt 


1021 


Hori- 
Gas zontal 
Author Works Retorts 

Drehschmidt “ 

Anderson and 
Roberts 22.4 

Rau^« 9.6-24.0 

Short 18 

Foster 
Knublauch 
Stone 
Leybold 
Henderson 
"J’rucl\ot 
Peters 
Peters ** 

Bolz 

Ott9» 20.8 

Gray 

(Jurphey 


(In Pounds per Ton of Coal) 

Coke Vertical Steamed 

Ovens Retorts Verticals 


19.7 

24.1 


17.7 

43 (shale) 

28.0-29.4 

19.2-30.6 

26 

19.6 19.2 


Coal 

Blast Unspecified Percent 
Furnaces Equipment Nitrogen 
3.6-28.2 

20.2 1.4 


26.4 1.6 

3.8-57.8 1.3-1.6 
1.75 

7.3-21.7 1.0-1.5 

18-27.2 

26.4- 39.4 

20.8 

20-36 

17.5- 18 


ainnionia .saturator exhaust.s (indirect proc¬ 
ess). For a coke-oven plant producing 
0,890,(K)0 cubic feet of gas i)er day they 
found 138.2 pounds of i)yridine bases in the 
raw gas. About 40 i)crcent of the total 
I)roduction was precipitated with the tar, 
the remaining 60 percent passing on with 
the gas. These figures of Klempt and R6- 
ber would indicate a total production of 
0.154 pound per ton of coal. According to 
unpublished private information one Amer- 

W., IHnyh'rs Poly tech. J., 2(15, 
218 22 (1887) ; J. Soc. Chem. Jnd., 6, «52 

(1887). 

iToiHhTSon. N. M., ibid., 10, 984-90 (1897). 

Truphot, 1*., Z. anyew. Chrm., Jl, 263-5 
(1898). 

8T Poters, A., J. Oaubcleucht.j 51, 1114-8 
(1908). 

««P(‘t(*rH, A., ibid., 51. 4C5-71 (1908). 

so Uolz, (’’hr., ibid., 52, 591-6 (1909). 

ooOtt, E., ibid., 52. 621-6 (1909). 

91 (Jray, T., Am. Qas Light J., 105, 38-9 
(1916). 

Oi! Ciirplipy, W. S., Gas J., 1.51, 179-80, 284-7 
(1925) ; Gaa World, 73, 83-6 (1020). 


ican plant recovers about 0.159 pound jier 
ton for a coal of 33 percent volatile-matter 
content, and another plant‘d'* obtains about 
0.16 pound per ton for a coal of 31 percent 
volatile-matter content. Thus yields of 
European and American practice are just 
about the same. Porter®* aptly summa¬ 
rized the conversion of coal nitrogen in 
high-temperature carbonization graphically 
as shown in Fig. 1. 

Simmersbach concluded from his 
studies that the formation of ammonia 
takes place mainly at a temperature at 
which the coking of the coal is completed, 
i.e., from 800 to OnO” C. Hilgenstock 
pointed out that the main ammonia pro¬ 
duction occurs only after the completion of 
the coal-fusion process. Damm and Kor- 

93 Courtesy of F. D. Schrelber of Pittsburgb 
Coke and Iron Co. 

04 Porter, H. C., p. 331 of ref. 18. 

95 Hilgenstock, G., J . Oaabeleucht ., 45, 617-21 
(1902). 
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ten found that 85 percent of the ammo¬ 
nia was evolved after the coke set. This 
contention is proved by the work of Gluud 
and Breuer,^® who found that a coal which 
on low-temperature carbonization had given 
only about 10 percent of its normal ammo¬ 
nia yield released another 90 percent when 



the semicoke was heated to a higher tem- 
l)erature. 

There are a number of other factors, be¬ 
sides temperature, which may or may not 
have some bearing on the ammonia and 
cyanogen production in coking oi)erationh. 
One is the particle size. Whereas Simmers- 
bach"^^ found no appreciable effect, Doug¬ 
las and Jones noticed an increase of 5 
pounds of ammonium sulfate i)er ton of 
coal when it was coked uncrushed, 3-inch 
size and under. Foxwell,”'^ on the other 

96 Dumm, P., and Korten, F., Gluckauf, 07, 
1339-45 (1931). 

97 Douglas, A. S., and Jonos, C., Gos World, 
67, Coking Sect., 10 (1917). 

usFoxwell, G. E., Fuel, 3, 22-8 (1924). 


hand, found an increased yield with de¬ 
creased particle size. 

A rather unexiiected influence on ammo¬ 
nia yield was found by Christie to reside 
in the speed of carbonization. A slow heat¬ 
ing to the same end temperature (865® C) 
increased the yield, as may be seen from 
Table IX. 

TABLE IX 

Influence of Speed of Carbonization on 
Yield of Ammonia 


(In Percent of Coal Nitrogen) 


Time, 

In 

As 

Otherwise 

minutes 

Coke 

Ammonia 

Volatized 

12 

66.42 


33.68 

80 

56.92 

IS. 25 

24.83 

170 

37.35 

27.45 

35.20 


Another factor of great importance is the 
age of the coal used. One might assume 
that ammonia production would be roughly 
parallel to the nitrogen content of the coal. 
Though this view was maintained ])y Ley- 
bold®^ it was disputed by Knublauch,®® 
and general practice would tend to suiiport 
Knublauch. McLeod was jirobaldy the 
first to observe that coals with high coke 
yield retained more nitrogen in the coke 
than coals giving a lower coke yield. Thus 
high-volatile coals should give substantially 
more ammonia than low-volatile ones. This 
is borne out by Table X by Porter,^^*^ who 

TABLE X 

Yields per Ton of Coke on Various Mix¬ 
tures of Pittsburgh (High-Volatile) and 
Pocahontas (Low- Volatile) (Joals 

(17-hour coking time, 18-inch oven) 

Pel cent Pittsburgh in mix 20 40 60 SO 100 

Percent Pocahontas in mix 80 60 40 20 0 

Yields per ton of coal, 
pounds of ammonium 

sulfate 17.0 19.0 21.5 24.0 26.0 

»» Christie, M. G., disHortution, Auchen, 1905. 
100 Porter, H. C., p. 410 of ref. 18. 
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attributed the result to the protective 
action of the larger amount of water and 
carbon dioxide given off by high-volatile 
coals. This is substantiated by the investi¬ 
gations of KattwinkeV®- who found that 
especially oxidized coals yield more ammo¬ 
nia on coking. Rau^® showed that not 
only does the ammonia yield decrease with 
increasing coke yield but so also do the 
yields of cyanogen and nitrogen in tar. The 
same author gave the data shown in Table 
XI, which demonstrates the influence of the 
oxygen content of coals on their ammonia 
yield. 
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little if any free iron oxide for contact with 
the gas. 

(5) Full charge's, or a practical minimum 
of space left unoccui)ied in oven or retort 
above the charge. 

(6) Uniform heats, rendering unnecessary 
the overcoking of some parts. 

(7) Steaming of the charge during the last 
fifth of the carbonizing period, that is, after 
all of the raw coal has passed through the 
plastic stage. 

(8) Use of coal, in admixture, of a type 
bearing as high a percentage of oxygen as 
will not interfere with requisite quality in 
coke or gas. 

But, with the best practice of plant op¬ 
eration, the actual recovery of coal nitrogen 


TABLE XI 


Influence of Oxygen Content of Coal on the Ammonia Yield ** 


Oxygon in the coal, percent 32.60 

Ammonia in percent of total 

nitrogen 35.23 

Industry on the whole has been very 
conscious of these factors which influ¬ 
ence ammonia yield, and a number of 
writers have made general 

recommendations for proper plant opera¬ 
tion to secure the highest recovery. Such 
advice has also been given, particularly for 
American practice, by Porter,’®'* as follows: 

(1) Maintenance of oven top space as cool 
as is compatible with efficient iiractical coke 
production. 

(2) Avoidance of the leakage of air into 
the ovens which w'ould effect comhustion and 
raise locally the temperature of tlie gases. 

(3) Avoidance of too rapid a coking rate 
with the high temperatures ru'cessary thereto. 

(4) Use of coals with a minimum of iron 
in their ash, and of refractories presenting 

101 Porter, II. 0., p. 333 of ref. 18. 

102 Kattwinkel, R., QlUoTcauj, 03, 160-5 (1927). 

103 Jones, L. C., J. Ind. Eng. Ghcm., 8, 589-94 
(1911). Anoii., Am. Qaa Eng. J., Ill, 223-5 
(1919). Plenz, F., Qaa- u. Waaaerfavh, 00, 97-9 
(1923) ; Am. Gas J., 110, 29-32 (1923). Seel- 
kopf, K., (Unrknuf, 00, 989-93, 1029-36 (1930). 

104 Porter, II. (\, p. 332 of ref. 18. 


12.66 

12.46 

10.76 

9.09 

6.04 

10.98 

20.83 

23.07 

13.92 

9.96 


in the form of useful products is still sadly 
short of what should be possible if all the 
coal nitrogen could be converted. Quite 
naturally people have made efforts to boost 
the ammonia yield by artificial means. 
Nothing has been done to boost the yields 
of cyanogen or pyridine, and here may be 
a fruitful field for further research, espe¬ 
cially m view of the increasing demand for 
jiyridine and its homologs. 

Inorganic additions to the coal were tried 
very early, lime being prominent among 
them. This was probably an unconscious 
adaptation of the old soda-lime method for 
determining nitrogen. Knab i®® was per¬ 
haps the first to propose it, but Cooper 
is usually given the credit. Wanklyn re¬ 
ported in detail on the Coojier process and 
claimed to have obtained increases in am- 

106 Knab, D. C., Rcr., 8, 180 (1875) ; Brit. 
1*01. 2,482 (1873). 

106 Cooper, W. J., Brit. Pat. 5,713 (1882). 

107 Wanklyn, J. A., J. 8oo. Chem. Ind., 2, 
438-40 (1883). 
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monia yield of 20 to 35 percent. In a later 
paper/®® the same author claimed that the 
yield was boosted from a customary 6 
pounds of ammonia to 17 pounds, but he 
admitted that in two gasworks no gain was 
noted. He pointed out that grinding of the 
coal and good mixing were essential to the 
success of the process. 

Knublauch in a large series of labora¬ 
tory tests, which he carefully corrected by 
empirical factors for plant practice, found 
that lime addition increased the ammonia 
yield by 20 percent, and silica addition in¬ 
creased it somewhat less. However, Kniib- 
lauch pointed to serious disadvantages: in¬ 
crease in ash content of the coke, lowering 
of its heating value, production of lower- 
Btu gas, and reduction in tar yield. An¬ 
derson and Roberts^® reported that some 
gasworks increased their yields of ammonia 
by 20 to 36 percent, although others got no 
increase. They reported also on the influ¬ 
ence of sodium hydroxide and sodium car¬ 
bonate; the hydroxide was said to have 
eliminated the nitrogen almost completely 
from nonooking coals but to have had no 
effect on coking coals. Mayer and Alt- 
mayer obtained yield increases of 20 per¬ 
cent. Hahn, as reported by Rau,’® con¬ 
tended that the addition of lime to coal did 
not reduce the nitrogen in coke but merely 
sjilit the tar liases with liberation of am¬ 
monia. Barber,^^® in practical gasworks ex¬ 
perience with coal liming, found an ammo¬ 
nia increase of 11 percent, a doubling of 
cyanogen production, no deleterious effect 
on the coke, and a number of operating ad¬ 
vantages. He used a lime addition of 2 jier- 
cent. Patterson also spoke in a lauda¬ 
tory manner about the process, mentioning 

JOSWanklyn, J. A., ibid., 8, 12-5 (1884). 

100 Knublauch, O., J. Oasbeleucht., 30^ 55-61, 
90-101 (1887). 

110 Barber, C. C., J. Oaa Lighting, 110, 765 
(1912). 

111 Patterson, J., ibid., 116, 449-53 (1912). 


an ammonia gain of 1.9 pounds over the 
average of the preceding seven years, higher 
gas yields, smoother plant operation, less 
sulfur in the gas, no impairment of the coke 
quality, but a lessened tar yield. 

Though these investigations belong to the 
past and the process is probably dead, to¬ 
day the problem is still alive. Later writers 
have taken it up and viewed it from differ¬ 
ent angles. Eastwood added lime, cal¬ 
cium carbonate, and iron oxide to coal, and 
carbonized in atmospheres of nitrogen, hy¬ 
drogen, and nitrogen-steam mixtures. In 
nitrogen, lime and calcium carbonate in¬ 
creased the yield of ammonia, and iron ox¬ 
ide decreased it; in hydrogen, lime and cal¬ 
cium carbonate increased the yield, and iron 
oxide was without effect; and in nitrogen- 
steam mixtures, all three additions pro¬ 
duced higher yields, lime being the most 
effective. Parker, Kerr, and Marson^'-'^ 
found that calcium carbonate, sodium car¬ 
bonate, and iron oxide increased the yield 
at 920® C but decreased it at 815® C. 

An interesting, though hardly practical, 
attempt to increase ammonia yield was 
made by Ostwald and Riedel,”^ who added 
salts containing water of hydration, in par¬ 
ticular calcium or magnesium chloride, to 
coal before charging to coke ovens or to 
coke going into producers and blast fur¬ 
naces. They claimed to have obtained the 
total nitrogen of the coal or coke in the 
form of ammonium chloride. 

Almost contemporary with the lime proc¬ 
ess was another proposal to increase am¬ 
monia yield: the use of hydrogen. Ter- 
vet^^® claimed that on passing hydrogen 

112 Eastwood, A. H., Gas J., 192, 745 (1930). 

113 Parker, A., Kerr, H., and Mnrson, B., 
Trans. Inst. Qaa Engra., 78, 240-8 (1928-9), 70, 
50-103, 343-55 (1929-30). 

114 Ostwald, W., U. S. Pats. 1,386,723 (1921), 
1,526,178 (1925). Riedel, A., Ger. Pjit. 298,603 
(1922) ; Brit. Pat. 102,146 (1916). 

115 Tervet, R., J. 8oc. Chem. Ind., 2, 445-49 
(1883) ; Brit. Pat. 1,842 (1883). 
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over hot coke up to 83 pounds of ammo¬ 
nium sulfate per ton of coal could be ob¬ 
tained. He also found mixtures of carbon 
dioxide and hydrogen and of hydrogen and 
steam to work, but not methane or mix¬ 
tures of carbon dioxide and nitrogen. Ter- 
vet further pointed out that coke which 
yields no hydrogen on heating will not yield 
additional ammonia if hydrogen is passed 
over it; the more hydrogen released on 
heating, the more ammonia will be obtained 
by passing hydrogen over it. If this warn¬ 
ing had been heeded by later investigators, 
unnecessary controversies would have been 
avoided. Beilby repeated Tervet’s work 
and in general agreed with him. Rau^® 
quoted Salm as having been unable to check 
Tervet’s observations. Cobb checked 
Tervet, at least to some extent. It re¬ 
mained for Monkhouse and Cobb^^^ to 
show that the Tervet reaction will go with 
a 600° C coke but not with a 1,100° C coke. 
Seemingly, then, Tervet’s reaction is a 
straight hydrogenation and does not de[)end 
on a protective action of the hydrogen for 
ammonia. This is reasonable in the light of 
later experience, which has taught us that 
low-temperature coke can still be hydrogen¬ 
ated, but not high-temperature coke. Com¬ 
plete recovery of the coal nitrogen was 
obtained by Bergius and Billwiller-® and 
Fischer and Tropsch,-” and was reported 
by Fischer."''^ Researches which also belong 
here are those of Fischer and Keller,^'® who 
coked coal under hydrogen i)ressure up to 
06 atmospheres and at temi)eratures of 500, 
750, and 950° C. Unfortunately, because of 

IIB Boilby, G. T., J. Soc. Cheni. Imh, 3, 21G-24 
(1884). 

117 Monkhouse, A. C., and Cobb, J. W., Qaa J., 
ISO, 234-40 (1921), 158. 828-33 (1922) ; Qas 
World, 75, 337-43 (1921) ; Iron A Goal Trades 
Rev., 103, 582-4 (1921) ; Brennstaff-Ohem., 4, 
218-9 (1923) ; Trans. Inst. Gas. Engrs., 20, 
137-58 (1922); Fuel, 1. 177-9 (1922). 

118 Fischer, F., and Keller, K., (ivs. Ahhandl. 
Kenntnis Kohle, 1, 148-54 (1915-6). 


the smallness of their samples they gave no 
quantitative data on ammonia production. 
Finally, Badanova and Gabinskii^^® coked 
coal under the pressure of its own gases, 
and found the yield of ammonia to go up 
with increasing pressure and temperature 
while the hydrogen content of the gases 
went down. 

Steaming. By far the most fruitful and 
far-reaching proposal to boost artificially 
the conversion of coal nitrogen to ammonia 
was the use of steam. The protective ac¬ 
tion of steam has already been dealt with in 
this chapter, but mainly as concerned its 
effect on the thermal dissociation of ammo¬ 
nia. The steam has another function in lib¬ 
erating nitrogen from coke under conditions 
under which it otherwise no longer gives off 
nitrogen compounds. 

Mayer and Altmayer distilled coal at 
temperatures of 600 to 900° C for 3 hours, 
and then followed by 18 hours of steaming. 
The highly illuminating results shown in 
Table XII were obtained. It is readily 
seen that above 800° C the decomposition 
of ammonia becomes so formidable that the 


TAliLE XII 

Effect of Steaming on Yield of 
Ammonia 



7'ime of 

Yield of Ainnionia in Percent 


Experi- 

of Total Nitrogen at 


incntH, 

r- 



- 1 


hours 

600° C 

700° C 

800° C 

O 

1 

Carbonization 

3 

10.83 

10.17 

21.38 

20..57 

Steam 

6 

13.04 

20.85 

23.12 

23.84 


9 

3.17 

8.53 

9.64 

5.35 


12 

1.84 

6.10 

6.12 

2.21 


15 

0.17 

3.17 

3.71 



18 


1.50 

2.14 



21 



1.12 



Total ammonia in 
percent of nitro¬ 
gen in coal 29.0.5 58.32 67.23 51.07 

110 Badanova, Z. I., and Gabinskil, Y. O., 
Novosti Tekhniki, 1037, No. 24, 35-6. 

120 Mayer, M,, and Altmayer, V., J. Qas 
heleucht., 50, 49-54 (1907). 
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increased liberation due to the steam is 
overshadowed and the overall yield drops. 
In its stead an increased yield of free nitro¬ 
gen was noted by the authors, so that am¬ 
monia probably was originally liberated as 
would be expected. Cobb passed various 
gases over coke at 800“ C, obtaining sub¬ 
stantially no ammonia with carbon dioxide, 
carbon monoxide, or nitrogen. He got 10 
percent of the coke nitrogen as ammonia 
when he used hydrogen, and practically all 
of it with steam. 

Salmang^-^ investigated some ramifica¬ 
tions of this problem, especially the per¬ 
centage conversion to ammonia of the ni¬ 
trogen contained in various fuels, at a 
number of temiieratures, using steam or 
mixtures of steam and air. He also tested 
the influence in this reaction of various 
catalysts, such as calcium carbonate and 
ferric oxide. In the straight water-gas re¬ 
action he found the results shown in Ta¬ 
ble XIII. 

TABLE XIII 

Yields of Ammonia Obtained in the Water- 
Gas Reaction ‘2 ’ 



Gram.s Steam 

Ammonia in 


per Gram 

Percent of 


Gasified 

Eliminated 

mpierature, *C 

Carbon 

Nitrogen 

1,050 

Much 

35.9 

1,100 

62.5 

8.4 

1,100 

191.1 

10.3 

1,100 plus 

5% CaCOa 

38.0 

27 


The ^‘mixed-gas” reaction (steam and air) 
as influenced by catalysts gave at 9(X)“ C 
the results shown in Table XTV. The in¬ 
fluence of the nature of the coals and the 
addition of lime on the ammonia yield in 
the steam-air gasification process at 9(X)“ C 

121 Sttlmanj?, H., dissertation, Aachen, 1914; 
Z. angvw. Chem., 28, 624 (1915), 32, 148 (1919). 
Marki^raf, II., Stahl u. Eiaen, 35, 905-8 (1915). 


TABLE XIV 

Yields of Ammonia Obtained at 900* C on 
Gasification with Steam and Air 

Per Grains Anunoiiia 

Gasified Carbon in Percent of 

, -«-, Eliminated 


Addition 

grams steam 

liters air 

Nitrogen 

0 

76.1 

2.80 

59.0 

5% CaCOs 

49.1 

8.24 

62.8 

5% CaCOs 

42.0 

6.78 

96.3 

6% Fe203 

21.6 

7.18 

70.0 

0 

7.3 

8.91 

7.9 

5% CaC()3 

37.5 

9.47 

16.1 


is seen from Table XV, in which the figures 
mean percentage conversion of the elimi¬ 
nated nitrogen to ammonia.^-^ Salmang 
concluded with the significant statements 
that the ammonia formation progresses uni¬ 
formly with carbon combustion throughout 
the whole gasification process; that the ra¬ 
tio of carbon to nitrogen remains the same 
throughout; and that therefore the nitro¬ 
gen is tied to the carbon and cannot be 
liberated without the carbon. 

TABLE XV 


Percentage Conversion of Eliminated 
Nitrogen to Ammonia for Various Coals 
on Gasification with Steam and Air 


Coal 

Without 

Lime 

With 

Lime 

Brown coal briquets 

95 

95 

Young high volatile 

82 

86 

High volatile 

78 

85 

Medium volatile 

88 

96 

Medium-volatile briquets 

82 

81 

Low-volatile briquets 

73 

84 

Anthracite 

82 

94 


Sachs, as cited by Terres,^^ used his ^fliot- 
cold tube” principle in the mixed gas reac¬ 
tion at 8(X)“ C and obtained 87 jiercent of 
the coke nitrogen as ammonia. Fischer and 
Gluud gasified low-temperature coke with 
steam at “above 575“ C” and converted 94 
percent of its nitrogen content to ammonia. 
Monkhouse and Cobb iirepared cokes 
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at 500® C (soft), 800° C (medium), and 
1 ,100° C (hard), and treated them with ni¬ 
trogen, hydrogen, and steam singly, in mix¬ 
ture, and successively. Treating soft coke 
at 800° C first with nitrogen, then with hy¬ 
drogen, and finally with steam yielded a to¬ 
tal of 79.2 percent of the nitrogen in coke 
as ammonia. The same coke treated with 
hydrogen only, but at 1,000° C, gave 68 
])ercent as ammonia; a treatment with ni¬ 
trogen plus steam at 800° C gave 98.3 per¬ 
cent of the nitrogen as ammonia. The hard 
coke yielded only to prolonged action of 
steam, and nitrogen and hydrogen diil not 
do very much. At 1,000° C this hard coke 
gave up in a steam-nitrogen current 97.3 
percent of its nitrogen as ammonia. Pex- 
ton and Cobb confined themselves to the 
gasification of coke with steam, and their 
results are therefore much more clear-cut. 
They used 800° C (A) and 1,100° C (B) 
laboratory coke and byproduct oven coke 
(C). When coke A was gasified there was 
at first a preferential elimination of nitro¬ 
gen, for the ratio of carbon to nitrogen in¬ 
creased; later on it remained constant. 
When gasified at 900° C in an anumni of 
steam similar to that used in a water-gas 
generator, little aniinonia survived dissocia¬ 
tion, but trebling the amount of steam re¬ 
sulted m almost eomjilete recovery of the 
nitrogen as ammonia. At 950° C, coke A 
gasified with twice the velocity with which 
it gasified at 9(K)° C. From 00 to 70 per¬ 
cent of the eliminated nitrogen was recov¬ 
ered as ammonia. Treatment at 1,000° C, 
even with a large excess of steam, yielded 
little ammonia, ('"okes B and C when ga.si- 
fied at 900° C with liberal amounts of steam 
yielded the same amounts of ammonia. The 
authors came to the same conclusion as 
Salmang, namely, that carbon and nitro¬ 
gen are “gasified” at the same rate and that 
the ratio of carbon to nitrogen in the resi¬ 
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due remains constant throughout the gasi¬ 
fication. 

Application of the steaming principle to 
coal carbonization has been advocated re¬ 
peatedly. Kenyon proposed it for gas- 
house retorts and claimed to have recovered 
90 percent of the coal nitrogen as ammonia. 
Tichauer® also wanted it used for gas re¬ 
torts and especially for coke ovens. He 
claimed to have obtained 85 percent of the 
coke nitrogen as ammonia on steaming at 
8 (K) to 900° C. West published the re¬ 
sults for continuous vertical retorts with 
and without steaming which are shown in 
Table XVI. Mott also favored steaming 

TABLE XVI 

Yields per Ton op Coal in Vertical 
Retorts ^2** 

Ammo- 

Tar plus nium 

Gas Coke Light Oil Sulfate 

cubic 

feet pounds gallons pounds 

Steamed 25,273 853 24.6 52.86 

Not steamed 11,450 925 14.5 30.50 

in coke-oven practice but wanted it con¬ 
fined to the last period of coking, from the 
twenty-second to the twenty-sixth hour. 
He pointed out the danger of affecting ad¬ 
versely the quality of coke and gas. 

An intensive study of steaming in hori¬ 
zontal retorts was made by Krau.^-’* By 
blowing steam at 0.05 atmosphere and 3 
atmospheres pressure into the carbonizing 
coal he increased the ammonia yield by 8 
to 17 percent and by 25 percent respec¬ 
tively. Superheated steam boosted the am¬ 
monia yield by 27 percent. Kraii also blew 
steam or water gas into the free spaces of 
the retorts and thus increased the yield by 

122 Kenyon, H., Brit. Pat. 1,016 (1886). 

123 West, J., Gas World, 69, 180 (1918). 

124 Krau, K. P., Gas- u. WMserfaoh, 65, 581-2 
(1922) ; Gas J., 159, 645 (1922). 
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dilution, cooling, and flushing action. He 
concluded that first-class water gas can be 
made in this manner with a simultaneous 
increase of the ammonia yields over the 
normal figures. Another interesting report 
comes from Braidwood,^-® who, like West, 
worked with vertical retorts. He consid¬ 
ered heavy steaming with moderate retort 
temperatures essential for high ammonia 
yields. With 40 percent steaming he ob¬ 
tained 48.96 pounds of ammonium sulfate; 
with 20 percent steaming the yield fell 
to 39.52 pounds. The presence of large 
amounts of hydrogen was without influ¬ 
ence, and the introduction of blue water 
gas was also without beneficial effect. 

However, the most important application 
of the principle of increasing ammonia yield 
by steaming came with its introduction into 
the practice of complete gasification of solid 
fuels. Without doubt Mond is the man to 
be credited with it, though several earlier 
inventors laid the groundwork on which 
Mond was able to build his system. A 
large number of apparatus modifications 
have been described, but all are based on 
the principle that th*e fuel is completely 
gasified until only ash is left. This may be 
done in the presence of steam alone, using 
external heating, or of steam plus air, in 
which event the system is self-maintaining 
as far as its heat balance is concerned. 
Then, again, a separate carbonization may 
precede the gasification step, or the fuel 
may be carbonized in the same apparatus 
but before it reaches the gasification cham¬ 
ber. One of the reasons for these seeming 
complications is the desire to produce a 
high-Btu gas, which is possible only if the 
carbonization gases are collected separately. 
There is no thought of presenting all these 
apparatus modifications here, since they are 
dealt with in Chapters 36 and 37. 

126 Braidwood, G., Gas J., 163, 180-9 (1023) ; 
Gas World, 78. 637-46 (1923). 


The first work on this subject was prob¬ 
ably done by Beilby and Young ,^26 
distilled oil shale and also coal, and treated 
the char with steam at considerably higher 
temperatures. They also mentioned the use 
of air with the steam. Their contemporary, 
Grouven,^-^ steamed peat in vertical re¬ 
torts, utilizing its natural moisture to fur¬ 
nish the steam, and burning part of the 
peat to furnish the necessary heat. On this 
foundation Mond^^s proposed his famous 
process, in which a restricted amount of air 
laden with steam is passed into the pro¬ 
ducer. His novelty was that the air was so 
restricted and so much steam was used that 
the fuel bed was only dark red and was 
maintained below the dissociation tempera¬ 
ture of ammonia. In a later publication 
Mond gave operating data from which it 
appears that 64 pounds of ammonium sul¬ 
fate were recovered per ton of coal and 
that 2 tons of steam were used per ton of 
coal. Mond well realized that his scheme 
was profitable only for very large installa¬ 
tions, since the gas produced was of low 
heating value and could be used only for 
centralized power generation on a very 
large scale. He recognized also that gasifi¬ 
cation with steam alone gave still greater 
ammonia yields, but he compromised on air 
plus steam because this mixture obviated 
practical difficulties of heating. 

Young and Beilby later devoted 

themselves more to coal and also switched 
from steam to a mixture of steam and air; 
they have discussed in detail the relative 

126 Beilby, G. T., Brit. Pat. 2,169 (1881); J. 
8oc. Chem. Ind,, 3, 216 (1884). Younff, W., 
Brit. Pat. 1,587 (1881) ; J. Gas Lighting, 40, 
257-8 (1882). Young, W., and Beilby, G. T., 
Brit. Pat. 5,084 (1882). 

127 Grouven, H., Ger. Pats. 13,718, 18,051 
(1881), 17,002 (1882). 

128 Mond, L., Brit. Pat. 3,923 (1883). 

129 Young, W., and Beilby, G. T., Brit. Pat. 
1,377 (1882) ; J. iSfoc, Chem. Ind., 4, 472-4 
(1885). 
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advantages of these systems. Seemingly, if 
steam alone is used the difficulties of heat¬ 
ing are too great, and quantities of steam 
as high as 20 to 30 times the weight of the 
coal are required to counteract the destruc¬ 
tive elfect (on ammonia) of the high op¬ 
erating temperature (1,100° C). This ob¬ 
viously is impractical. By their modified 
process with steam and air they recovered 
as much as 60 to 80 percent of the coal ni¬ 
trogen in the form of ammonia. Young and 
Beilby’s conviction that a water-gas ma¬ 
chine would not be a good apparatus for 
the gasification of fuels if high ammonia 
yields were desired is borne out also by an 
investigation of Pexton and Cobb,^^“ who 
concluded that the production of high- 
grade water gas is unlikely under conditions 
which favor ammonia preservation. 

The whole problem of gasification in 
Mond producers was studied intensively 
by the great nitrogen chemists Frank and 
Caro. They sponsored the gasification of 
mine refuse and high-nitrogen peat, on ac¬ 
count of their cheapness, and tried to in¬ 
augurate a great program of power produc¬ 
tion and long-distance transmission, using 
the peat bogs as bases of ojicration. The 
ammonia, then highly valued and obtained 
in large quantities in the Mond process, was 
to have paid a considerable share of the 
exiienses. A number of their jiatents and 
publicationspresent many valuable 
ideas, particularly along economic lines. As 
an illustration of what can be expected of 
peat, some of their results are given in 
Table XVII. 

Bone and Wheeler made a thorough 

laoIVxton. S., and Cobb, J. W., Gan 1«7, 
(1924) ; Gas World, 80, (*>75-8 (1924). 

Ill Frank. A.. Z. anffcw. Chem., 11, 10-20 
(1898), 20, 1592-5 (1907), 21, 1597-1600 

(1908). Caro, N., ibid., 10, 1569-81 (1906) ; 
Brit. Pat. 13,609 (1907). Wahleii, C., and Caro, 
N., Brit. Pat. 13,668 (1907). 

132 Bone, W. A., and Wheeler, R. V., Metal- 
lurgie, 4, 321-41 (1907). 


TABLE XVII 

Yields of Ammonia from Gasification of 
Peat in a Mond Producer 

Percent nitrogen in the 
peat 1 1.05 1.6 2.8 

Ammonium sulfate in 
pounds per ton of 

peat 56 80 118 220 

study of a Mond gas plant. They found 
that the quality of gas was lowered with 
higher steam saturation temperature, and 
the overall efficiency also decreased. Un¬ 
fortunately the ammonia production in¬ 
creased with increasing steam saturation 
temperatures, so that these two factors 
have to be balanced economically. Table 
XVIII shows the trend as found by Bone 
and Wheeler. 

TABLE XVIII 


Effect of Steam Saturation Temperature 
ON Yield of Ammonia in a Mond Gas 
Producer 


Steam Saturation 
Temperature, °C 
60 
65 
70 
75 
80 


Pounds Ammonium Sul¬ 
fate per Ton of Coal 
35.4 
39.9 
45.8 
58.3 
64.2 


An interesting contribution was made by 
Sachs,who pjussed the gases from a 
Mond producer through chilled tubes, 
whereby he succeeded in converting all the 
nitrogen m the fuel to ammonia. 

A large number of papers and patents 
are aviiilable which deal with a variety of 
probleiiLs connected with the complete gasi¬ 
fication of fuel in a manner more or less 
similar to the Mond process. These publi¬ 
cations deal with descriptions of individual 
plants, special jilant arrangements, eco- 

133 Sachs, K. P., Stahl u. Eisen, 36, 801-10 
(1915). 
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nomics of the process, special constructions 
of the producers in several stages, either to 
carbonize separately or to preserve the 
ammonia by cooling, etc. They will not 
be discussed but will merely be cited as 
references for those who want more de¬ 
tail.®* From a number of these 


TABLE XIX 


Yields of Ammonia from Mond Gas 
Producers 

Pounds of 
Percent Ammonium 

Nitrogen Sulfate per 

in Coal Ton of Coal 

Peat 


86 

Peats 

1-2.3 

62.4-187.6 

Peat 

1.59 

48 

Peat, Australia 

2.8 

225 

Brown coal 

0.7 

35.6 

Brown coal 

1.23 

39.4 

Young bituminous 
Bituminous 

2.39 

102.4 

Silesia 

1.56 

80.2 

S. Africa 

1.43 

100 

S. Africa 

1.3 

90 

N. Europe 

1.08 

65 

England 

1.44 

100 

England 

1.42 

90-95 

England 

1.5 

80.4-89.4 

Coking bituminoas 

1.39 

62.8 

Bituminous culm 
Semianthracite 

1.26 

57.4 

Wastphalia 

1.69 

90.4 

S. Africa 

2.2 

155 


iS4Kuiit!!e, r., G(‘r. Pat. 62,580 (1892). Ma- 
KoiiK Gas Powor Cti. ft nl., Brit. Pat. 28,054 
(1908). Von Kelfr, II., Z. angrw. Chem., 22, 
1396-400, 1445-51 (1909). Duflf, A. B., Brit. 
Pat. 20,938 (1911) ; Gus World, 57, 001 (1913). 
Gwiggnor, A., Stahl u. Eisen, 31, 2085-8 (1911). 
Schulz, R., ibid., 38, 1221-5 (1913). Roser, B., 
ibid., 40, 387-95, 349-57 (1920). Fischer, F., 
Gea. Abhandl. Kcnntnia Kohle, A, 501-22 (1921). 
Van Ackeren, J., U. S. Pat. 1,375,475 (1921). 

186 Ekenberg, M., J. Soc. Chem. Jnd., 2S, 511-2 
(1909). Haber, F., J. Oaabeleucht., 53, 421-4 
(1910). Lazar, O., J. 8. African Aaaoc. Anal, 
Chem., 4, 13-27 (1921) ; Chem. Aba., 16, 1801 
(1921). 

136 Rambush, N. B., J. 8oo. Chem. Ind., 40, 
293-300T (1921). 


references. Table XIX has been computed 
which shows the ammonia yields obtained 
from coals of different ages and different 
nitrogen contents, in producers more or less 
of the Mond type. 

From the old Mond producer there was 
a gradual transition to modern machines in 
which much less steam is used. Though this 
normally means lower ammonia production, 
much can be accomplished by proper de¬ 
sign of the equipment. Rambush em¬ 
phasized that in the producer with which 
he worked only 1 to 1.5 pounds of steam 
were used per pound of coal, in contrast to 
the 2.5 pounds in a regular Mond producer, 
but the same amount of ammonia was re¬ 
covered. Ovitz reported on a producer 
in which Pittsburgh Seam coal with 1.5 per¬ 
cent nitrogen was employed. The steam 
consumjition was 1 pound per pound of 
coal, and 22.11 pounds of ammonium sul¬ 
fate per ton of coal were recovered. 

Very little is known about cyanogen or 
pyridine in producers and water-gas ma¬ 
chines. The only indications are the as¬ 
sertions by Trenkler that the presence 
of cyanogen compounds in producer gas 
has not yet been proved, and by Taplay 
and Parkinson that, in equipment in 
which steaming is employed, hydrogen cy¬ 
anide is converted to ammonia. Since 
even in coke-oven gas cyanogen compounds 
occur only in small quantities, their recov¬ 
ery from these sources, if they are there at 
all, would be of very doubtful economic 
merit, on account of their dilution by very 
large gas volumes. 

The remaining piece of apparatus in 
which fuel is used and from which nitro¬ 
gen compounds may be recovered is the 
blast furnace. It is not often considered, 

187 Ovitz, F. K., Chem. d Met. Eng., 21, 253-5 
(1019) ; Chem. Eng., 27. 239-41 (1919). 

138 Taplay, J. G., and Parkinson, B. R., Oaa 
World, 70, 451-4 (1919) ; Qaa J., 146, 622-4 
(1919). 
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because coke is the usual fuel and its ni¬ 
trogen content would normally not be re¬ 
leased as ammonia under the conditions of 
the blast furnace, except in quantities 
which would be difficult to recover from 
the large volumes of blast-furnace gas. 
However, Scottish blast furnaces have long 
been fueled with splint coal, and ammonia 
was recovered from them at an early date. 
Scotch splint coal, according to Jones,^^® 
contains 1.35 percent nitrogen and would 
yield 142.5 pounds of ammonium sulfate, if 
all of it could be converted to aimnonia 
and recovered; actually, 24 to 29 pounds 
was obtained. An anonymous report 
gave the yield figure as 22.6 pounds per 
ton of coal. That this source of ammonia 
has been of considerable economic impor¬ 
tance, at least in the past, may be seen 
from the ammonium sulfate production fig¬ 
ures for Great Britain of the year 1898, 
which were given by Anderson and Rob¬ 
erts and shown in Table XX. An his- 

TABLE XX 

Production of Ammonium Sulfate in Great 
Britain in 1898 

Tons 

Gasworks 129,590 

Shale-oil works 37,264 

Blastfurnaces 18,000 

Coke ovens 11,568 

torical survey of the recovery of byprod¬ 
ucts from blast-furnace gas was given by 
Ilamilton.^^^ 

In concluding this part of the chapter 
it may be well to point out that the efforts 
of the workers in this field have been di¬ 
rected, not only toward increasing the 
yield of ammonia and preserving it, but 

130 .Tones, W., J. Soc. Chvm. Ind., 4, 737-8 
(1885). 

140 Anon., Stahl u. Llsen, 1(1, 381-3 (1896). 

141 Hmniltou, R., J. Soc. Chem. Ind., 35, 663-5 
(1916). 


also toward retrieving that portion of it 
which under normal circumstances (e.g., in 
coke ovens) is converted to cyanogen. In¬ 
asmuch as about 10 percent of the am¬ 
monia yidd is usually lost in this fashion, 
such efforts are quite understandable. All 
the proposed schemes are based on the fact 
that hydrogen cyanide is a nitrile and can, 
as such, be hydrolyzed to ammonia and 
carbon monoxide or dioxide. The older 
processes, which are fewer in number, are 
based on the use of steam at high tempera¬ 
tures. Dunnachie advocated withdrawal 
of cyanogen-containing gases from the hot¬ 
ter regions of blast furnaces, gas producers, 
coke ovens, etc., and their treatment with 
steam outside the gas-producing furnace. 
Collin proposed substantially the same 
thing, though he first removed the am¬ 
monia already contained in the gas by an 
acid wash and sometimes used sulfuric acid 
with the steam to aid hydrolysis. Ilalvor- 
sen added hydrogen and air (to form 
the necessary steam) to the gas and passed 
it over an iron-chromium catalyst at 400® 
C. He claimed a 99 percent conversion. 
Biilir,^^” in the course of his gas purifica¬ 
tion process, also i)assed the cyanogen-con¬ 
taining gases over catalysts at elevated 
temiTeratures and converted the cyanogen 
to ammonia. The second group of proc¬ 
esses recover cyanogen in the form of am¬ 
monium thiocyanate, which in its turn is 
then hydrolyzed to ammonia. 

Recovery and Utilization of Ammonia 
FROM Gases 

Coal carbonization is the principal source 
of ammonia, and it serves excellently to il- 

142 Dunnachhs W. J., Brit. Pat. 10,805 
(1907) ; Ger. Pat. 215,5.H2 (1909). 

143 Collin, F. J., A.-G., Brit. Pat. 146,696 
(1920). 

144 Halvoraon, B. F., U. S. Pat. 1,580,038 
(1926). 

Baiir, H., Ger. Pat. 567,631 (1033). 
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lustrate the conditions usually encountered 
and the methods employed in the recovery 
and utilization of ammonia from gases. 
For a historical outline of ammonia recov¬ 
ery from shale distillation, producer gas, 
and blast-furnace g.'is, Lunge-Kdhler * may 
profitably be consulted. The basis for all 
recovery methods is the great solubility of 
ammonia and its salts in water, and its 
basic nature, which allows easy combina¬ 
tion with acids and acidic materials. 

As the hot carbonization gases come 
from the ovens or retorts, they are laden 
with water and tar vapors, in which the 
ammonia is contained as free ammonia and 
in the form of salts such as ammonium 
chloride, the last dissociated into ammonia 
and free hydrogen chloride as long as the 
temperature is high enough. The crude 
gas is precooled by spraying cool tar and 


ammonia liquor into the collecting main. 
From this point on the methods differ. 
The oldest one, which was developed in 
gasworks, is still extensively used in Eu¬ 
rope, although it never became prominent 
in America. The gas, after its preliminary 
cooling in the collecting main, is cooled in 
indirect tubular coolers with the aid of air, 
or more usually water. In this process 
more tar and water vapor are condensed, 
the water carrying with it some ammonia 
and almost all the ammonium salts. Part 
of this condensate is used in the collecting 
m%in as the primary cooling medium. 
After the primary cooler, the gas is freed 
from tar fog in special tar separators and 
then enters a series of scrubbers, in which 
it is washed countercurrently and directly 
with weak ammonia liquor and finally with 
fresh water. The relatively clean, cool gas 
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Fig. 2. “Indirect” process for recovery of ammonium sulfate.^*’ 
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then passes on to be freed of benzol and 
similar hydrocarbons, and of hydrogen sul¬ 
fide, hydrogen cyanide, etc. The various 
aqueous condensates, called ammonia liq¬ 
uors, are united. They contain free am¬ 
monia; ammonia in the form of easily dis¬ 
sociated salts, such as carbonate, bicar¬ 
bonate, sulfide, hydrosulfide, cyanide; and 
ammonia m firmer bond (so-called fixed 
ammonia) such as chloride, sulfate, sulfite, 
thiosulfate, thiocyanate. The more volatile 


pyridine bases are also to be found in the 
ammoma hquor to a considerable extent, 
though the larger part remains in the tar 
Since ammoma liquor is dealt with in de¬ 
tail in Chapter 32 it will not he treated 
here except in following the path of the 
ammonia. 

In order to recover ammonia ^rom this 
liquor it IS heated in a still with steam, 
which drives out the free ammonia and 
such ammonia as can be obtained by thei- 


SATURATOR 





Fio 3. “Direct” process for recovery of ammonium sulfate.*** 
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mal dis’sociation of its salts. Descending 
the column of the still it finally meets a 
slurry of lime, which decomposes the fixed 
ammonia salts. The waste waters contain¬ 
ing lime salts and impurities of the orig¬ 
inal liquor are discharged. The gases leav¬ 
ing the top of the still, which contain all 
the ammonia, pyridine bases, carbon diox¬ 
ide, hydrogen sulfide, hydrogen cyanide, 
and steam, pass into a vessel in which they 
come in contact with sulfuric acid. This 
saturator is operated either intermittently 
or continuously. When the concentration 
of ammonium sulfate in the saturator liq¬ 
uor has reached such a point that solid 
salt is deposited, the crystal mush is spread 
on drain tables to allow the mother liquor 
to run off, and then is put into centrifuges, 
in which the .salt is finally given a short 
water wash. Details of this rather an¬ 
tiquated indirect ammonia-recovery proc- 
e.ss, and a splendid survey of its develop¬ 
ment and of the various pieces of apparatus, 
are to be found in Lunge-Kohlerand 
other textbooks such as (Ruud and Jacob¬ 
son,^ ^ Parrish,’and Porter,’® Figure 2 
is a flow diagram, with the necessary plant 
equipment superimposed, taken from a pa¬ 
per by Ohnesorge.’**^ 

The rather comjilicated set-up of the in¬ 
direct process, the high capital investment, 
the large space requirements, and the prob¬ 
lem of dispo.sing of large quantities of still- 
waste led Brunck to the thought of re¬ 
covering ammonia from the gas stream di¬ 
rectly by absorption in acid rather than 
in water as the intermediary. The idea 
was doubtless sound, but insurmountable 
practical difficulties prevented its adoption 

146 Parrish, P., Design and Workitig of Am¬ 
monia fitillSy Ernest Bonn, London, 1924, 313 pp. 

147 Ohnesorge, O., Brennstoff-Chem., 4, 118 22 
(1923). 

148 Brunck, R., Brit. Pat. 8,287 (1903) ; (Jer. 
Pats. 167,022 (1905), 181,384 (1907); TI. S. 
Pat. 825,297 (1900). 


except in a few isolated plants. In its 
original form the Brunck process contem¬ 
plated passing the hot gases, ammonia,^tar, 
and all through concentrated sulfuric acid. 
Of necessity tar separated out and was 
acted upon by the acid; in consequence, 
the tar was of inferior quality and had to 
be specially treated to remove the acid. 
Sometimes even the more sensitive com¬ 
pounds of the gas were attacked by the 
sulfuric acid. To make matters worse, the 
considerable (luantities of ammonium chlo¬ 
ride contained in the gas were decomposed 
in the saturator with the evolution of hy¬ 
drogen chloride, which severely attacked 
the apparatus. Moreover, the ammonium 
sulfate w^as badly contaminated by tar and 
could not be sold. Brunck overcame the 
troubles encountered by the tar by devel¬ 
oping an ingenious system of tar separa¬ 
tion, but some of the other handicaps re¬ 
mained. Otto tried to perfect the 
Brunck scheme and put many ])lants into 
operation, but few of them survived with¬ 
out modification. His major deviation 
from the Brunck process was the use of a 
tar-ammonia liquor spray to remove the 
tar from the hot gas. Even though many 
of the troul)les of the Brunck process were 
overcome in this way, the aim of Bninck’s 
original thought was defeated, since am¬ 
monia liquor was again produced, necessi¬ 
tating an ammonia still unless it was dis¬ 
carded with an attendant loss of ammonia. 
Though this liquor production is uMially 
soft-pedaled, it is there, and the jirocess 
therefore is no longer a true direct process. 
If the ammonia liquor was evajiorated in 
the saturator, the same ammonium chloride 
troubles which had confronted Brunck were 
reintroduced. Schreiber pointed out 

149 Dr. C. Otto & Co. G.m.b.H., Ger. Pat. 203,- 
254 (1908). 

1 Tio Sohrclbor, P., ,1. Gasheleuchi., 53, 244-6 
(1910). GIuikI, W., and Jarobaoii, I>. L., p. 589 
of ref. 12. 
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this danger of hydrogen chloride in the 
baturator and the following equipment, as 
did Parrish,and Furth i®-* found sulfate 
obtained by the Otto process to contain 
120 percent of ammonium chloride 

Berthelot pointed out its a serious dis¬ 
advantage of direct processes that the con¬ 
siderable amounts of ammonium chlonde 
often entrained in the tar cause serious 
damage to tar-distilling equipment if not 
removed by a water wash Figure 3 illus¬ 
trates the direct process m Ohnesorge's 
Lishion Hilgenstock has given a Minjile 
account of it 

in Parrish P Gas J, 1H3, 677-9 (1028) 
(htm Affb (I ondon) ID, 280 2 (1928) Tratm 
I U(l Vonf ^^orJd Pumr Conf Lnndon 1*U8 2, 
4W 06 (1029) 

I 2rarth, A, J QaatlnUmht, 54, 1O30-4 
(1911) 

I iBirtlMlot r Hull Kor uid nord 4«, 87— 
102 (1919) Vhem Aim 14, 2075 (1020) 

1 t Hilg( iistock G, Stahl u Linen, 29, 1044 8 
(1900) 


Koppers struck a compromise be¬ 
tween the two extremes, and the phenom¬ 
enal success of his idea proves again the 
value of the golden mean In his process, 
the ga« coming from the collecting main is 
cooled, |ust as in the indirect process, to 
such a point that substantial quantities 
of water are separated, in this practically 
all the fixed ammomum salts and some 
free ammonia dissolve There remains in 
the gas about 75 percent ol the total am¬ 
monia The small amount of ammonia 
liquor is treated in the same kind of still 
as in the indirect process, the ammonia 
evohed is united with the mam gas stream, 
which his prevlou‘^lA been freed of tai log, 
the gis is I cheated abo\e its dew point, 
and then pisses through suUuiic acid m 
a saturatoi Figiiie 4 shows the Ohne- 

1"^ Kopi) rs HUS Pats 846035 802976 
(1907) Rnssue 12 971 ou 862 976 (1909), Ger 
Pat 183 8U (1907) 



Fi< 4 Stiiu dirnt protess for rifoveiy of aiumouium sulfate 
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sorge diagram for the semi-direct proc¬ 
ess; Fig. 5 shows a typical ammonia still; 
and Fig. 6 represents a saturator. Koppers 
achieved notable results in his process: he 
eliminated the tar and ammonium chloride 
troubles of Brunck, he made worthwhile 
economies as to steam and water consump¬ 
tion in comparison with the indirect proc¬ 
ess, and he substantially alleviated the 
waste-liquor problem. 

Crucial for both the direct and semi- 
direct processes is the maintenance of a 
proper water balance, since ammonium sul¬ 
fate is to be recovered from the saturator 
in solid form. In the direct process par¬ 
ticular care must be exercised, inasmuch as 
all the water contained in the gas must 
pass through the saturator without con¬ 
densation. This means that tar separation 
must be carried out at a sufficiently high 
temi)erature to allow an ample heat gra¬ 
dient across the system. The high temi)cra- 
ture in turn makes adequate tar separation 
very difficult, as was discovered by Brunck. 
Of course, the heat of reaction evolved 
when ammonia is neutralized with sulfuric 
acid is helpful, but Brunck was forced to 
resort to the use of concentrated sulfuric 
acid in order to keep extraneous water out 
of the system. This produced undesired 
effects on tar and gas and increased acid 
consumption. 

In this respect the semi-direct process is 
much better. Since in it the gas is cooled 
considerably below its dew point, the gas 
is unsaturated with water after it leaves 
the reheater. Therefore the cheaper 60® 
Baume acid can be used in the saturator, 
which actually functions as an evaporator. 
The low temperatures maintained in the 
primary coolers allow a much better tar 
separation than in the direct process, and 
the dilute acid used in the saturator, ac¬ 
cording to Schreiber,^®® docs not affect the 
gas. Figures 7 and 8, which are taken 


from a paper by Ohnesorge on the his¬ 
tory of ammonia-recovery processes, illus¬ 
trate the temperature gradients of the di¬ 
rect and semi-direct processes. 

A most excellent study of theoretical 
considerations involved in the various am¬ 
monia-recovery processes was published by 
Still.^®^ He calculated equilibrium condi¬ 
tions and heat balances, gave vapor ten¬ 
sions in the saturators at various tempera¬ 
tures, salt and acid concentrations, dew 
points, cooling temperatures, heats of re¬ 
action, heat losses of equipment, and other 
data. Still concluded that in both the di¬ 
rect and semi-direct processes the heat of 
reaction is sufficient to cover all the heat 
losses and even to vaporize some extrane¬ 
ous water. 

Steam consumption, which is qiute a 
talking point when comparing the three 
systems, was calculated for coke-oven and 
gasworks practice by Kriegcr.^®® lie came 
to the conclusion that nothing is gained for 
gasworks by using the direct process, since 
the lower steam consumption is counterbal¬ 
anced by greater i)ower requirements. 
Krieger also pointed out the danger of get¬ 
ting ammonium chloride into the saturators 
and into the tar. 

Many papers have api)eared which com¬ 
pare the advantages and disadvantages of 
the direct, semi-direct, and indirect sys¬ 
tems and give their future prospects. 
Those written while the development work 
was still going on are often contradictory, 
and even those published more recently do 
not always agree. One of the best is doubt¬ 
less a paper by Ohnesorge,^^^ which shows 
the cool thinking of the patent attorney, 

166 Ohnpsorge, O., Stahl u. EUen, 30, 113-6 
(1910). 

157 Still, C., OlUckauf, 47, 1509-17, 1549-57, 
1600-8 (1911). Lunge Kohler, Vol. 2, p. 161, of 
r«*f. 4. 

158 Krieger, A., Oaa- u. Wanscrfachf 05, 17-20 
(1921). 
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Fi6. 7. Temperature Kr.ulionts in the ‘direct” jirmess tor reco\er> ot ainmoninm Milfate 


free from the petty jealousies and strides 
of the workers in the field However, the 
olhers are 

i'i«) Sehreiher, F, Z amttw Vhem , 25, 2289 90 
(1912) 

Hjo Itertelsmaiin, W, Chim Ind, 30, 8S-96 
(1910). 

181 Miililert, F, Chrm Fahrtk, 0, 273-81 
(1930), Chem Aha, 30, 6760 (1930) 

H.j(lr<‘bel, M A Oa« World, 54, 652-3 
(1911) Me\n, W, Ocaterr Z Berq Iluttrnw, 
00. 15-20 (1911), Chem Aha, 4, 1508 (1911) 
Douglas, A, .7 Oaa lAghUnq, 118, 157 (1912) 
Ohnesorge, O , Z angvw Chem , 20, 593 0 
(1913) Heck, C, BUhl u Etain, 33, 777-82, 
817-22 (1913); ClmJcauj, 40, 443 8 481-6 

(1913) Rile>, T II, J (Jaa Lighting, 133, 
257-00 (1910) Curphe> W Gaa World, ii9, 
19 21 (1918), Gaa ,/, 143, 08-9 111 3. 161 

(1918) Smith, T 11, (iim World, 70, (^okiug 
S.(t No 1789, 12 4 (1919) Goh J, 144, 

(»01-2 (1918) Diese K .7 Gaahfhntht , 02, 
113 9 (1919) Nhklin, M K (,(ia World, 74, 
(‘okiiig Sect, No 1907 15 9 (1921), Has J, 


well worth stiid\ing and are broadly sum¬ 
marized herewith 

The greatest single advantage claimed 
for the indiiect process is its elasticity, 
since it tdlows the manufacture of any de¬ 
sired grade of ammonia lujiior and ammo¬ 
nium salt This IS of greatest importance 
in adapting to changed market conditions 
and in meeting national emergencies when 
abnoraially large quantities of nitrates and 
nitric acid are required Second in mijior- 

153, 280-2 (1021) Iron A Coal Tradca Jtev, 
102, 100 (1921) Luther, A, Gluckauf, 50, 
314 9 (1923) Foxwell, G E, (Jaa J, 188, 708- 
70 (1929) Parker A, Oaa J, 188, No 3471, 
Inst Gas Eng Suppl . 37 41 (1929) Holton, 
A L Oaa Engt , 48. 382-5 (1931) Holllugs, 
11 and Pexton, b Tuina Innt Qua Engra, 78, 
2<a*-8 (1928-9), 70, 254-67, 305-34 (1929-30) 
Editorial, Progreaaiie Age, 27, 522 (1909), 

Clum Aha, 3, 2748, 4749 (1909) 
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tance is the relative lack of interdepend¬ 
ence of the various parts of the process: 
repairs are easily made without affecting 
the whole system. Finally, the tar removal 
is absolute. 

On the debit side of the picture is the 
enormous volume of waste. liquors—^more 
than double that of the semi-direct and 
sixteen times that of the direct system— 
the high steam consumption, high oper¬ 
ating costs, large capital investment, large 
ground-space requirements, and the loss of 
ammonia at the scrubbers, from storage, 
and at the stills. Some of these items can 
be overcome in very large installations, 
particularly if a much stronger liquor can 
be produced. The prospects for the future 
of this process would appear to be better 
than in the past. 

By its very nature the semi-direct proc¬ 
ess takes a stand in the middle. It has 
some elasticity, since products other than 
ammonium sulfate can be made to a lim¬ 
ited extent from its smaller volume of am¬ 
monia liquor. The waste-liquor problem, 
though not eliminated, is materially re¬ 
duced ; capital and operating costs are low¬ 
ered; less ground space is required; the 
steam consumption is lower; the ammonia 
recovery from the gas is higher by 5 per¬ 
cent (even 12 percent has been reported); 
it is almost as reliable as the indirect and 
more reliable than the direct process; the 
dilute acid in the saturator has no effect 
on the gas, in contrast to the direct proc¬ 
ess; and existing indirect installations can 
be changed over readily if desired. Its dis¬ 
advantages are that it still has a waste- 
liquor problem, and that power costs may 
sometimes counterbalance ^ the steam sav¬ 
ings. The prospects for the future would 
seem to continue favorable, especially for 
plants of medium size. 

The direct process has the smallest in¬ 
vestment and operating cost of the three, 


lowest ground-space requirements, lowest 
waste-liquor volume, lowest steam con¬ 
sumption, and ammonia recovery equal to 
the semi-direct and 5 percent higher than 
the indirect process. 

Among the disadvantages stands out the 
problem of hydrogen chloride with its dan¬ 
ger of destroying equipment and contami¬ 
nating the sulfate. It is claimed that this 
trouble is largely overcome by proper con¬ 
trol of the saturator temperature. Never¬ 
theless, ammonium chloride often gets into 
the tar and must be removed if damage to 
tar-distilling equipment is to be avoided.^ 
As high as 3 to 5 percent of the fixed am¬ 
monium salts are said to get into the tar. 
The tar itself is of inferior quality, because 
the concentrated sulfuric acid in the satu¬ 
rator acts on it. Ammonium sulfate pro¬ 
duced by the process is often contaminated 
by tar or colored red by thiocyanate. Op¬ 
eration is not foolproof, since unforeseen 
troubles often come up. Frequently steam 
heating must be used in the saturator to 
prevent dilution of the bath. The great 
saving of steam is often counterbalanced 
by increased jiower costs. Needless to say, 
the process has no flexibility and in that 
respect is the worst of them all. 

As to its jirospects, it may be said that 
they are practically nil. It was never u.sed 
in America and was almost abandoned in 
Europe long ago, nor have (ihanged condi¬ 
tions offered any factors conducive to its 
resuscitation. 

Though the processes outlined above give 
a general pattern, innumerable modifica¬ 
tions have, of course, been developed. 
They have been described in great detail 
in a number of textbooks,^* to which ref¬ 
erence is made. Gluud and Jacobson,’^ in 
particular, also give profuse footnotes to 
existing jiatent and other literature. Two 
modern schemes are worthy of special men¬ 
tion since they bid fair to become of con- 
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siderable importance in the future. One 
of these is a modified indirect process de¬ 
signed to overcome two of the most serious 
disadvantages of the old process: high 
steam consumption and still-waste-disposal 
problem. It was described by Tramm^«» 
as follows. The gas from the collecting main 
is washed with a circulated, uncooled liq¬ 
uor. The temperature of the gas is low¬ 
ered to 80 to 85“ C, and all fixed ammo¬ 
nium salts are removed. Since the liquor 
is in equilibrium with the gas, it takes up 
very little free ammonia and dissociable 
ammonium salts. Thereafter the gas is 
scrubbed with water to remove the free 
ammonia, and the liquor is distilled in a 
regular ammonia still but without addition 
of lime, for which there is no need on ac¬ 
count of the absence of fixed ammonium 
.salts. As the still waste contains no lime 
salts, passing it through heat exchangers 
countercurrent to the incoming cold ammo¬ 
nia liquor saves steam for the still. The 
cold still waste is used again on the am¬ 
monia scrubbers or for cooling water. 
Thus there is no still-waste-disposal prob¬ 
lem. The fixed ammonia liquor is circu¬ 
lated until it contains 3 to 4 percent am¬ 
monia, whereupon it is evaporated to yield 
a light gray salt of 28 percent ammonia 
content, consisting largely of ammonium 
chloride. 

Another scheme is the cooling of the 
gases to low temperature,s, usually from 
-10 to 0“C, whereby all the ammonia is 
removed as a strong aqueous liquor com- 
l)rising an almost pure solution of anmio- 
nium carbonate of 20 to 30 percent strength. 
Cooling of the gas is carried out by absorp¬ 
tion refrigeration, utilizing the sensible heat 
of the gases as they come from the ovens. 
Usually the crude gas right from the pri¬ 
mary coolers is sprayed with ammonia liq- 

i«8 Tramin, H., Stahl u. Eiaen, 48, 763-61 
(1928). 


uor at -5 to 0“ C, whereby it is itself re¬ 
duced to about 0® C and is then washed 
with cold, pure water. In this manner tar, 
naphthalene, ammonia, and \rater are re¬ 
moved almost completely, the ammonia 
content of the final gas being about 8 
grains per 1,000 cubic feet. This is close 
to the figure normally obtained after the 
saturator in the semi-direct process. A 12 
percent liquor can be produced, but there 
are likely to be stoppages from solid am¬ 
monium bicarbonate, and the liquor con¬ 
centration is therefore commonly kept at 
about 6 percent. Since a number of plants 
have been in successful operation for al¬ 
most a decade, among them one producing 
45,(X)0,(X)0 cubic feet of gas per day, the 
new process can be considered established. 
The advantages are obvious: the liquor 
volume is reduced below that of the semi- 
direct process so that one of the most im¬ 
portant drawbacks of the indirect system 
is eliminated; tar is removed completely; 
steam consumption is lowered; and as an 
added advantage naphthalene and moisture 
are also taken out, with subsequent de¬ 
creased corrosion of equiiiment and mains. 
The process, of course, retains the very 
desirable flexibility of the indirect process, 
of which it is in a sense a development 
For all these reasons, it seems destined to 
become a formidable competitor of the 
semi-direct process. The sponsors of the 
new scheme are Lenze and his coworker 
Rettenmaier. They and several other in¬ 
vestigators have published their experi¬ 
ences, including plant diagrams and cost 
estimates, in a number of patents and 
papers.^®^"® 

164 Lenze, F., and Rettenmaier, A., Oaa- u. 
Wasaerfarh, 09, 089-91 (1926). 

185 Lenze, F., (Jer. Pats. 457,264 (1928), 482,- 
880 (3929). Stoll, L., Qaa- u. Waaacrfach^ 78, 
1102-4 (1930). Lenze, F., and Rettenmaier, A., 
ibid., 74, 1169-72 (1931) ; Oaa J., 107, 139-42 
(1932). Steding, F., Qaa- u. Waaaerfach, 75, 
164-9 (1932). Muhlert, F., Brennstoff-Chem., 
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Washing with water under pressure 
should, of course, produce the same result 
as cooling to low temperatures. This 
thought is embodied in several proposals 
which, however, never succeeded. But if 
in the future coke-oven gas should be frac¬ 
tionated for chemical utilization the pres¬ 
sure system should become of importance. 
Felt proposed spraying gas under 150 
pounds pressure or more with turkey-red 
oil, which is said to absorb water, am¬ 
monia, tar, and other impurities. Accord¬ 
ing to Still,^”® gas, after tar removal, is 
compressed to 100 to 200 atmospheres 
pressure; water is injected, and the am¬ 
monia is recovered as a concentrated solu¬ 
tion of ammonium bicarbonate and ammo¬ 
nium sulfide. The solution is collected in 
a tank, and solid salts separate on cooling. 
Mother liquors may be used again for in¬ 
jection into the compressed gas. The Linde 
Company compresses the gas to 4 at¬ 
mospheres at about 140° C, eliminates the 
naphthalene in liquid form by cooling from 
105 to 50° C, injects dilute ammonia liquor 
into the gas stream, thus producing a 10 
percent ammonia liquor, and removes the 
last traces of ammonia by a final pure 
water spray at 15° C. 

AMMONIUM SULFATE 

So much for the principal processes and 
more interesting proposals for the recovery 
of ammonia from gases. Whatever the 
treatment of the gases, eventually they are 
passed, in general practice, through an acid 
bath, the saturator, in which the ammonia 
is tied up to form a salt that can be re- 

18, 350-2 (1932). Thyssen’sche Qas- und Was- 
serwerkc*, Ger. Pat. 583,417 (1933). Pipplg, H., 
Qa8- u. Wasset Jack, 77, 340-9 (1934). 

100 Wucherer, J., ibid., 78, 118-21 (1935). 

167 Felt, W. O., U. S. Pat. 1,213,796 (1917). 

108 Still, C., Brit. Pat. 147,787 (1920). 

169 OesellHohaft fiir Linde’s Eismachinen A.-O., 
Brit. Pat. 281,288 (1926). 


covered and sold. The general construc¬ 
tion of such a saturator has already been 
shown in Fig. 6, but it should be pointed 
out that this piece of apparatus has under¬ 
gone many changes in the course of the de¬ 
velopment of the industry. Lunge-Kohler * 
is recommended for a study of its history, 
and Gluud and Jacobson’*^ give an abun¬ 
dance of references to more recent develop¬ 
ments. A good survey is also contained in 
two papers by Thau,^^®* a paper by 
Bertelsmann,^®® and some constructions 
and methods of operation since 1930 are 
disclosed by Schmalenbach, Hoesch-Koln 
Neuessen, Eissner, and Koppers.”^ The 
saturators are commonly constructed of 
steel with a covering of lead over the in¬ 
side to prevent attack by the acid. Lead, 
however, is not wholly resistant, and the 
maintenance charges are therefore major 
items on the operating-cost balance sheets. 
Thau suggested overcoming this handi¬ 
cap by using acid-proof tile or cement as a 
coating, with a thin sheet-lead layer under¬ 
neath to guard against leaks through 
cracks. 

Many of these newer saturator construc¬ 
tions doubtless were the outgrowth of the 
desire to improve the crystal size of the 
ammonium sulfate produced. In the hey¬ 
day of the industry, the only object of the 
saturators was to get the ammonia out of 
the gas in some solid form that could be 
sold, and at that time the market was not 
very particular in its requirements as to 

170 Thau, A., Gas- u. Wasserfach, 68, 799-805, 
824-9 (1925). 

171 Thau, A., Z. Vet. dent. Ing , Beiheft Folge 
1037, No. 4, 105-11; Chem. Abs., 82, 318 (1988). 

172 Schmalenbach, A., Fr. Pat. 699,563 (1980). 
HocHCh-Ktiln Noucssen A,-G. fiir Bergbau und 
Illitteiibetrieb, Fr. Pat. 717,883 (1931). Biss- 
ner, W., U. S. Pat. 1,880,925 (19.‘12). Koppera, 
H., U .S Pat. 2,141,186 (1938). 

173 Thau, A., GlUckauf, 55, 241-3 (1919); 
Gas- u. Wasser/ach, 73, 767-75 (1930) ; Gas J., 
101, 524 (1930). 
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size and shape. With the advent of the 
synthetic-ammonia industry the picture 
changed. The new producers were chemi¬ 
cal manufacturers who had long ago 
learned to produce according to rigid speci¬ 
fications and were keen enough to attempt 
to capture the market with a product of 
superior qualities. Uniformity of crystal 
size and shape were especially stressed. 
The byproduct ammonia manufacturers 
simply had to follow suit, and their thought 
naturally turned to improving the appa¬ 
ratus. People who havi been in the crystal¬ 
lizing business for many years were quite 
familiar with the doctrine that unifonnity 
of crystals is not obtained by haphazardly 
throwing together the reacting materials, 
but only by keeping the crystallizing solu¬ 
tion as close as possible to the ^^rnetastable 
zone” in which no new crystal nuclei are 
formed and the newly formed salt deposits 
on the nuclei already present. This ideal 
state cannot, of course, be attained in prac¬ 
tice, but it can be approached by proper 
means, such as temperature and acid con¬ 
trol, and especially by a definite motion 
of the bath. This motion brings small 
crystals back into the zone where fresh 
ammonia and acid are introduced, so that 
they grow to a desired size. These princi¬ 
ples were embodied in many of the new 
designs. 

For the same reasons, and for reasons of 
general i)lant efficiency, the actual oi)era- 
tion of the saturator also came in for a 
great deal of attention. Lishmann tried 
to find out why sulfates vary in appearance 
from plant to plant and even in the same 
plant from day to day. He favored keep¬ 
ing the concentration of the acid in the 
saturator below 5 to 6 percent and super¬ 
vising the density of the bath. Thau 

174 Lishmann, G. P., J. Soc. Chem. Ind.» 31, 
2«9 (1912). 

175 Thau, A., GlUckauf, 55, 783-7 (1919). 


gave an account of the best saturator op¬ 
eration, particularly with respect to pre¬ 
venting salt-crust formation, and Tup- 
holme stressed low acidity (1 to 1.5 per¬ 
cent) and a circulated bath. Hailstone 
brought out the importance of maintaining 
the correct physical conditions within the 
saturator for a sufficient time to allow the 
crystals to grow, and of maintaining an 
unvarying low acidity. He also suggested 
refinements in saturator design. For con¬ 
trol of the acidity he used a hydrometer, 
but recognizing its shortcomings suggested 
measuring the electrical conductivity of the 
liquor. Cranston and Sfockdale^^® wanted 
to keep the liquor at 2 percent and carried 
out the suggestion of Hailstone by using 
a conductivity cell to regulate automat¬ 
ically the acid addition. 

A great deal of work was also done on 
the physicochemical conditions prevailing 
in the saturator and generally in the sys¬ 
tem (NH 4 ) 2 S 04 -H 2 S 04 -H 20 . Lowell® 
made a study similar to that of Still, 
referred to above, but confined to the satu¬ 
rator. He found that in the direct and 
semi-direct systems the heat of reaction is 
sufficient to evaporate all the mother liquor 
present and take care of heat losses. Chal- 
lis and Hughes found that at equilib¬ 
rium a definite relationship exists between 
the density, temperature, and acid concen¬ 
tration of saturated solutions of ammonium 
sulfate in water and sulfuric acid, that arn- 
nionium sulfate is more soluble in sulfuric 
acid than in water, the solubility increas- 

J70 Tupholnio, C. H. S., Gas Age-Rveord, 50, 
483, 486 (1927). 

177 llailstono, 11. J., Gas J., 174. 64G-8 (1920). 

178 CruuBton, J., and Stockdale, J., J. Roy. 
Tech. Coll. {Glasgow), 2, No. 1, 36-9 (1920) ; 
Chem. Abs., 23, 4538 (1929). 

179 Lowe, H. M., Gas World, 81, Coking Sect, 
73-5 (1924). 

180 Challis, C. C., and Hughes, T. W., J. Proc. 
Sydney Tech. Coll. Chem. Soc., 2, 60—6 (1926) ; 
Chem. Abs., 20, 2728 (1926). 
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ing with temperature, and that the specific 
gravity of the mother liquor is a direct in¬ 
dication of the sulfuric acid concentration 
at the temperature of the saturator. 

Terres and Sclmiidt^*^ made solubility 
and vapor-pressure measurements on the 
ternary system NH 3 -SO 3 -H 2 O (includ¬ 
ing both excess acid and ammonia) from 
0 to 100 ” C, and they offered the corre¬ 
sponding diagrams. Crystals of ammonium 
sulfate separate on the ammoniacal side 
and on the acid side up to 20 to 22 percent 
by weight of free acid. At higher acid 
concentrations the double salt NH 4 HS 04 * 
(NH 4 ) 2 S 04 , and eventually NH 4 HSO 4 
alone, separate. From the vapor pressures, 
the acid concentration and the working 
temperature of the saturator may be deter¬ 
mined. In the direct process the bath may 
contain 7 to 9 percent free acid and should 
be kept at 100” C or above if the gas used 
is saturated at 75 to 80” C. In the semi- 
direct . process the temperature should be 
from 40 to 50° C. The thermal equilibrium 
in the saturator was discussed in detail in a 
paper by Terres and Patscheke for the 
direct, semi-direct, and indirect processes, 
taking into account also the varying 
amounts of fixed and free ammonia in the 
gas. Salts such as ammonium bisulfide, 
ammonium cyanide, and ammonium car¬ 
bamate are largely dissociated under the 
conditions of sulfate manufacture, so that 
the heat of reaction of the ammonia in coal 
gas with sulfuric acid is decreased only 
about 6 percent by their presence. A num¬ 
ber of double salts of ammonium sulfate 
and sulfuric acid and their temperature 
range of existence have been described by 
Locuty and Laffitte^®** in thermal studies 

181 Terres, B., and Schmidt, W., Qaa- u. Was- 
aerfach, 70, 725-8, 762-6, 784-6, 808-13 (1927). 

182 Terres, E., and Patscheke, G., ibid., 74, 
761-4, 792-9, 810-4, 837-41 (1931). 

183 Locuty, P., and LaflBtte, P., Compt. rend., 
100, 950-2 (1934). 


in the system (NH 4 ) 2 S 04 -H 2 S 04 -H 20 . 
In a continuation of these studies Lo¬ 
cuty reported that pure ammonium sul¬ 
fate as desired for fertilizer purposes will 
be deposited only if the sulfuric acid con¬ 
centration does not exceed 19.5 percent at 
90” C, 17.5 percent at 70” C, 15.2 percent 
at 50” C, 13.1 percent at 30” C, and 11.0 
percent at 10 ” C. 

In the early days of the industry little 
regard was shown for the ammonium sul¬ 
fate itself. It was usually fished out of 
the saturator manually, with the aid of a 
ladle, and allowed to drain. From the 
drain board it was transferred to storage 
with whatever mother liquor adhered to it. 
Sometimes the warehouse was steam heated 
to aid in the drying of the salt, but usu¬ 
ally nothing further was done with it. 
Later on centrifuges were added to the 
standard equi])ment; to these the drained 
salt was transferred for a more thorough 
elimination of the mother liquor. A short 
water wash in the centrifuge was employed 
in most plants to reduce the acidity to a 
minimum. A good account of the historic 
development of this phase of ammonia re¬ 
covery is given by Lunge-Koliler.^ Most 
of the plants in existence today have re¬ 
tained this combination of a continuous 
saturator (Fig. 6 ) and a batch centrifuge, 
such as is pictured in Fig. 9, hut some 
have adopted a continuous scheme. Thi& 
is the proce&s of Wilton; as described in 
detail by an anonymous writer,^®*'^ the cen¬ 
trifuge is replaced by a slow-moving, acid- 
proof, metal-cloth belt conveyor, which 
passes over suction boxes and thus sep¬ 
arates the salt from the mother liquor. A 
later version of continuous ammonium sul¬ 
fate recovery is pictured in Fig. 10. 

As indicated above, the synthetic-ammo- 

184 Locuty, P., Rev. ind. min€rale, No. 848, 
275-97 (1935). 

185 Auon., J. usinea gaz, 52, 271-3 (1928). 
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Fig. 10. Baker Perkins continuous ammonium sulfate centrifuge. The raw slurry enters a rotating, 
sloping, horizontal inlet funnel (1) at its small end where the peripheral speed is relatively low. As 
the slurry passes down the inner face of the funnel it is gradually accelerated until it reaches the 
back of the perforated drum (2), where it moves at drum speed. The funnel is carried by equally 
spaced lugs attached to the pusher (3) which rotates with the drum and has a short reciprocating 
motion imparted to it by a piston rod (4) actuated by a hydraulic servo motor (5) which is a part of 
the main shaft (6). When the slurry is deposited on the slotted screen which lines the drum (2), the 
liquor is spun out into the first section of the wet housing (7). As the pusher (3) moves forward it 
forces the cake (8) across the face of tl»e drum (2). On the return stroke of the pusher (3), space is 
left for more inflowing slurry to he dep<mi(ed on the drum (2). The cuke (8), equal in tliickness to 
the difference in diameter of the outer edge of the funnel (1) and the slotted screen lining ihe drum 
(2), IS gradually pushed across the screen. It passes under a wa.sh spray (9), if washing Is «lcsired. 
and the wash liquor is spun out into the second section of the wet housing (11). Both sections »>f the 
wet housing (7) and (11) are equipped with liquor outlets so that mother liquor and wash liquor ma.v 
be kept separate. When the cake (8) rea<*hes the outer edge of tin* drum (2) it flies off into the dry 
salt collector housing (10). 


nia industry brought about such a change 
in the buying habits of the public that a 
number of shortcomings of the old byprod¬ 
uct ammonium sulfate, which had always 
been known but had been neglected, were 
remedied in an effort to compete with the 
synthetic product on a parity basis. Some 
of these faults were real, such tus moisture 
content, acidity, caking on storage, with 
resultant lack of free flow; others were 
immaterial as far as the usefulness of the 
salt was concerned—for example, color, 
odor, and content of incidental impurities. 


The public generally buys by apjiearance, 
and since whiteness is almost synonymous 
wuth purity a gray or brown byjiroduct 
sulfate was immediately stamped as an in¬ 
ferior grade, even though its ammonia anal¬ 
ysis might have been just as high as that 
of the synthetic product. Thau called 
attention to these facts in a lengthy pai^er. 

The oldest and probably most serious 
complaint concerned the notorious caking 
of byproduct ammonium sulfate. It was 
variously attributed to moisture, sulfuric 
acid, pyridine sulfate, and improper crys- 
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tal size, and the investigators did not quite 
agree on the cause of the trouble. Mois¬ 
ture doubtless received the first and the 
primary blame, and its elimination was 
striven for. Early efforts to provide means 
of drying centered on the installation of 
steam pipes in the warehouses. Then at¬ 
tempts were made to dry the salt more 
rationally, as by Miiller's proposal to 
blow dry air through the centrifuge after 
the water wash. Mechanical means such 
as rotary and tray driers were adoi^ted a 
little later, and descriptions of such ecjuip- 
ment are given by Gluiid,^- Thau,'-" and 
the South Metroi)olitan (las Company 
However, the value of drying alone has 
been questioned from the beginning. After 
all, it means just a concentration of the 
sulfuric acid on the crystals, which will 
pick up moisture again at the first oppor¬ 
tunity. There can be no question that the 
presence of free sulfuric acid in sulfate will 
promote caking. Sheard found that sul¬ 
fate retains moisture just about in propor¬ 
tion to its acid content. Oka showed 
that pure sulfate is not hygroscojiic, but 
that it becomes increasingly so with increas¬ 
ing free acid content. Burgevin in a 
very fine stuily of the jiroblem determined 
the hygroscopicity threshold values of sam¬ 
ples of commercial ammonium sulfate. The 
threshold value is defined as the relative 
humidity, at a given temperature, above 
which the salt begins to absorb moisture 
and below which it begins to lose moisture. 
He found that, whereas pure salt had a 

iseMtiller, R., Gor. Pat. 223,098 (1908). 

187 South MotnjpolJtun Gas Co., Evans, E. V., 
and Hollings, II.. Brit. Pat. 141,798 (1919). 
South Metropolitan Gas Co., Brit. Put. 150,903 
(1910). 

188 Sheard, J. T., Oas World, 72, 542-3 

(1920) ; Chem. Age {liondon), 2. 620-7 (1920). 

189 Oka, S., J. 8oc. Chem. Ind. Japan, 35, 
Suppl. binding 385-6 (1932) ; Chem. Abs., 20, 
5389 (1932). 

180 Burgevin, H., Chimie & induatrie. Special 
No., 884-8, March, 1932. 


value of 80, that of commercial salts con¬ 
taining acid went down to 68 for the worst 
sample. Neutralization brought all values 
nearly up to that of pure salt, showing that 
the impurities other than sulfuric acid pres¬ 
ent in the commercial products have little 
or no effect on the hygroscopicity threshold. 
Drying commercial sulfate at 105® C has, 
according to Burgevin, practically no effect 
on its threshold. Greenfield also dis¬ 
cussed the caking of sulfate, listing free 
acid as one of the contributory causes. 

The pyridine sulfate content of commer¬ 
cial ammonium sulfate is often cited as a 
cause of caking, for example by Atwater 
and Sclmltze’^'- and by Macleod, Chap¬ 
man, and Wilson.’The latter authors 
probabI> found the true exjilanation when 
they suggested that, on drying, pyridine 
might be s])lit off, leaving free sulfuric acid 
on the (Tystal faces. This is very plausible, 
since pyridine sulfate is known to disso¬ 
ciate readily and to be stable only in the 
presence of excess sulfuric acid. All au¬ 
thors writing on pyridine sulfate agree that 
neutralization with ammonia eliminates the 
liyridine and the caking. 

Another cause of sulfate caking is said 
to be improper crystal size and shajie. 
Greenfield considered a salt containing 
large and fine crystals to be jiarticularly 
bad; Adam’”'’ agreed, finding that the 
higher the percentage of voids the less the 
tendency of sulfate to cake. All this makes 
good sense. It stands to reason that if 
with increasing humidity water is jiicked 
uj) by the salt, forming a strong solution 

101 Greonfield, G. J., Qaa World, 84, Coking 
Soc-t.. 28-9 (1926). 

102 Atwater, C. G., and Schultze, J. F. W., 
Chem. & Met. Eng., 22. 373-4 (1920). 

103 Miicleud, J., Chapman, C., and Wilson, T. 
A., Qaa J., 178. 291-4 (1927). 

191 Adam, W. 6 ., Chem. Trade J., 82, 3-4 
(1928) ; Chem. Age {London), 18, 4-5 (1928) ; 
Qaa World, 88, 4-5 (1928) ; Qaa J., 181, 33-4 
(1928). 



1048 


RECOVERY OF NITROGENOUS COMPOUNDS FROM GASES 


of ammonium sulfate in sulfuric acid plus 
water, then with decreasing humidity the 
salt must precipitate out again, cementing 
the crystals together. If the voids are 
filled up with fines this cementing is going 
to be far worse than if large void space 
were available. As a further conclusion it 
follows of necessity that certain crystal 
forms, which break easily in handling and 
transit, must be less desirable than others. 
That this conclusion is really correct will 
be shown later. 

Not only is the free sulfuric acid in by¬ 
product ammonium sulfate responsible for 
caking, but it is also the cause of the rapid 
destruction of iron equipment, bags, and 
other shipping containers. Therefore at¬ 
tempts to make neutral salt were appro¬ 
priate. Many writers have contended that 
a proper saturator operation will go far 
toward this goal. Thau,^^” for instance, 
called attention to the fact that high acid¬ 
ity in the saturator causes small grains 
and packing of salt, with subsequent poor 
removal of mother liquor, and he fixed 5 
percent acidity as the up])er limit. Hail¬ 
stone also wanted better control in the 
saturator and use of a weak bath to insure 
Iiroduction of large crystals. Evans 
proposed to use a dilute bath at a high 
temperature so that no salt is formed in 
the saturator, to allow the bath to liecome 
alkaline, to discharge it, and to allow it 
to crystallize outside the saturator. Kop- 
pers probably was the first to propose 
neutralization with ammonia. He wanted 
to keep one section of the saturator acid, 
the other ammoniacal. Hansford^®* used 
two saturators alternately, one alkaline and 

195 Hailstone, H. J., Gas J., 16«, 102-4 (1924). 

196 Evans, E. V., and South Metropolitan Gas 
Co.. Brit. Pat. 111,309 (1916). 

107 Koppers, H., Brit. Pat. 834 (1913). 

198 Hansford, J. B., Gas World, 75, 243-4 
(1921) ; Gas J., 165, 721-3 (1921). 


one acid; Anon. went back to the old 
Koppers proposal and used a two-compart- 
ment saturator and the same principle. 
The danger involved in any procedure in 
which alkaline conditions prevail in the 
saturator is the formation of blue salt. 
Hansford recognized this, but contended 
that his arrangement of apparatus and pro¬ 
cedure precluded the trouble. Stavo- 
rinus,2®® however, was of the opinion that 
discoloration must always be faced if salt 
is made under alkaline conditions. 

Far more work was done on the neutrali¬ 
zation of acid sulfate produced in normal 
manner. Gardiner tried to find out 
whether the acid was held within the crys¬ 
tals or merely adhered to the surface. 
Drainage and water-washing tests proved 
that the acid adhered to the surface and 
could be almost completely eliminated by 
proper draining and wiishing with neutral 
water. Capron therefore treated sulfate 
in the centrifuge with a concentrated, neu¬ 
tral .solution of ammonium sulfate, neu¬ 
tralized the acidulated solution thus formed 
with ammonia or ammonium carbonate, 
and recycled. Smart believed that 
washing with a simple hot-water spray w^as 
effective. 

It is only one step further to substitute 
ammonia liquor for water in the centrifuge, 
either instead of the customary water wash 
or after it. Wendriner improved upon 
Capron’s method by using a saturated sul¬ 
fate solution containing free ammonia for 
the wash, and so did Wilton. Evans, Par¬ 
rish and Valon, and Bateman used an am¬ 
monia solution as a wash in the centri- 

199 Anon., Iron d Coal Trades Rev., 106, 528 
(1923). 

200 Stav(jrinus, D., Gas- u. Wasserfach, 68, 
776-8 (1925). 

201 Gardiner, P. C., Gas J., 145, 65 (1919). 

202 Capron, F., Brit. Pat. 108,990 (1916) ; 
U. S, Pat. 1,266,212 (1918). 

203 Smart, P. F., Gas World, 80, 358-9 (1924). 

204 Wendriner, M., Ger. Pat. 247,808 (1910). 
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fuge.*®®» Since impure liquor causes 

discoloration, the solution is usually made 
from the vapors of the fixed ammonia still 
or by distilling sulfate with lime. The 
Wilton process^®® made use of such neu¬ 
tralization to perfect continuous sulfate 
production. Before the endless belt 
reached the suction boxes, dilute ammonia 
liquor was sprinkled on the salt, so that 
neutral sulfate was produced. It was de¬ 
livered by the belt to a drier consisting of 
a bundle of steam-heated tubes. 

The use of ammonia gas for the neutrali¬ 
zation of free acid was proposed with re¬ 
markable foresight by Koppers^®® at a 
time when the industry was still in its in¬ 
fancy and when nobody thought that it 
would ever become a pressing need. His 
suggestion was taken up by Adam,-’'® who 
worked out mechanical details, and by 
Schramm,-^® Buckleyand Dodd.^^^ 

If ammonia liquor is used in the centri¬ 
fuge serious troubles may result: the cop¬ 
per of the centrifuge baskets corrodes se¬ 
verely; salt crusts may form in the satu¬ 
rator because of local alkalinity where the 
wash liquors are introduced; and the 
workmen* are bothered by liberated pyri¬ 
dine.-®® 

Solid neutralizing agents also came in 
for due consideration. Linder-^- in an 
early patent claimed the use of solid am¬ 
monium carbonate, and Bateman con- 

lios Wilton, N., Brit. Tat. 127.:J98 (1018). 

Pnrrish, P.. niul Vnlou, U. S. Pat. 1,.S00,78.') 
(1020). Batfinan, C., Oaa J., 1««. 750-2 (1924). 

206 Evans, E. V., ihid., 153, 515-20 (1920); 
Vhem. Age {London), 3, 588-9 (1920) ; Oas 
World, 73, 422-0 (1920). 

207 Bateman, C., ibid,, 84, 280-3 (1926). 

208 Koppers, H., Ger. Pat. 254,014 (1911). 

200 Adam, W. G., Brit. Pat. 108,098 (1910). 

210 Schramm, E., Brennstoff-Chem., 0, 46-7 
(1928). 

211 Buckley, W. K., Gas World, 95, No. 2448, 
Cokinjr Sect., 83-4 (1931). Dodd, A., ibid., 108, 
No. 28tt9, Coking Scot, 63-72 (1938). 

212 Linder, S. M., Brit. Pat. 121,082 (1918). 


sidered it the best of all materials ever 
proposed for the purpose. Linder and oth¬ 
ers advocated solid fixed alkalies, alka¬ 
line earths, and magnesium in the form of 
their oxides, hydroxides, and carbonates, 
but Johnson and Bateman,®®^ who tried 
them out, found nothing to recommend 
them. On the other hand, Thau ^^® had a 
good word to say for some of them. It 
would seem that these materials are un¬ 
desirable because they leave residues in 
the sulfate which will show up in a low¬ 
ered ammonia analysis. Linder and 
Weight 215 proposed the use of ammonium 
sulfite or bisulfite. In view of the corrosive 
nature of the sulfur dioxide evolved this 
would hardly be called practical. A very 
sensible suggestion was made at an early 
date by England,^^® who wanted to add 
finely ground phosphates to bind the free 
sulfuric acid and moisture. Strangely 
enough, this suggestion was never taken up 
and worked out. 

Reviews of the whole art of neutralizing 
commercial ammonium sulfate are given by 
Thau,^^® Stavorinus,-®® Parrish,-^^ Heig- 
ham,®^^ and Weindel.^i® Their study is 
recommended to those seeking the practi¬ 
cal man’s viewpoint. 

The second great handicap of byproduct 
ammonium sulfate is its color. Though it 
is perfectly true that natives in faraway 
lands occasionally refused to take white 

213 Limlor, S. E., Brit. Pat. 127,715 (1918). 
Linder, S. E., and LcBHiug, R., Brit. Pat. 141,787 
(1919) ; U. S. Pat. 1,377,493 (1921). Harvey, 
E. W., U. S. Pat. 1,008,737 (1926). 

214 .Tohnsnii, T., Gas J. 157, 576-7 (1922) ; Oas 
World, 7«, No. 1963, Coking Sect, 14-8 (1922). 

215 Linder, S. B., Brit. Pat. 127,716 (1918); 
South Metropolitan Gas Co. and Weight, O. W., 
Brit. Pat. 141,799 (1919). 

216 England, R., Brit. Pat. 10,781 (1908). 

217 Parrish, P., Oas World, 76, 73-4 (1922); 
Chem. Age {London), G, 97-8 (1922). Heigham, 
P., ibid., 10. 669-70 (1924). 

218 Weindel, A., Brennstoff-Chem., 8, 104-7 
(1927). 
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synthetic sulfate because they were accus¬ 
tomed to the gray-brown coke-oven salt, 
in general and for the bulk of the market, 
a clean, white salt will always have the 
better sales appeal. Discolorations most 
frequently experienced are gray, brown, 
yellow, blue, and red.^^® They may have 
a variety of causes. Tar and similar or¬ 
ganic impurities are almost always present, 
often in lumps of substantial size, giving 
the salt a gray or brownish color; their 
removal would best be accomplished by fil¬ 
tration of the saturator bath before crys¬ 
tallization, as was proposed by Singer 
and by Weindel,-^® or by skimming the 
bath, which would not be feasible in mod¬ 
ern operation. Lessing advocated a me¬ 
chanical separation of solid impurities from 
solid sulfate by an elutriation process in 
which the impure salt is suspended in agi¬ 
tated concentrated sulfate solution and the 
impurities are floated off. 

Most of the color, however, is due to in¬ 
organic constituents, chiefly sulfides. Van 
den Bossche^ss mentioned in particular 
iron sulfide; Ijeo-^a thought a gray color 
is mostly due to lead and copper, the cop¬ 
per having an especially strong coloring 
power; he ascribed a yellow color to arsenic 
or cadmium. An anonymous paper also 
made arsenic sulfide responsible for a yel¬ 
low color, though iron sulfates were sug¬ 
gested as a further cause. Thau^^® be¬ 
lieved that gray and black were due to iron 
sulfide formed in neutral zones in the satu¬ 
rator, and Schramm 210 contended that 
metal carbonates and sulfides were formed 

219 Anon., Oaa World, 62» Coking Sect., 18-9 
(1916). 

220 Singer, L., Brit. Pat. 109,269 (1917). 

221 Lessing, R., Brit. Pat. 162,766 (1919). 

222 Van den Bossche, J., Chimiate, 6, 17-8 
(1914) ; Chem. Aba., 8 , 3282 (1914). 

228 Leo, K., Oaa World, 60. 620 (1914) ; J. Oaa 
Lighting, 126, 881-3 (1914). 

224 Anoii., Chem. Age {London), 3. 678-80 
(1920). 


by corrosion of the pipes leading to the 
saturator. Weindel cited the sulfides of 
iron, lead, copper, and arsenic, and traced 
them to the sulfuric acid used and to the 
metal parts of the saturator and centrifuge. 
He also pointed out that neutralization 
with impure ammonia liquor is often to 
blame for bad contamination with iron sul¬ 
fide, and that use of ammonia in the cen¬ 
trifuge puts copper salts into the saturator. 
These dangers have already been men¬ 
tioned. Small quantities of a large number 
of elements are present in commercial sul¬ 
fate but probably do not contribute mate¬ 
rially to discoloration. Ballard--''’ found 
by spectroscopic examination of American 
byproduct ammonium sulfate: calcium, 
magnesium, iron, copper, zinc, aluminum, 
silicon, sodium, and lead. Only four of 
these could possibly give color. 

Blue coloration of sulfate is doubtless due 
to complex iron cyanides. Although this 
trouble is far less frequent at modern semi- 
direct plants than at the older indirect 
ones, it has received more consideration 
than any of the other discolorations. 
Bailey 2 -® at an early date called attention 
to it and thought that low tenq)eratures 
rather than alkalinity were to blame. 
Thau'-^^r wrote a paper on the same sub¬ 
ject at about the same time, discussing the 
causes of the formation of Prussian blue 
and describing methods to prevent it. He 
took the subject up in a number of later 
publications and finally came 

to the conclusion that blue iron complexes 
are primarily formed in the ammonia still- 
head and the piping to the saturator, but 
only when there is insufficient steam and 

226 Ballard, S. S., Hawaiian Plantera* Record, 
42. 186-95 (1938) ; Chem. Aha., 33. 300 (1939). 

226 Bailoy, H. ,T., J. 80 c. Chem. Ind., 26, 377 
(1907). 

227 Thau, A., OlUckauf, 43. 95-7 (1908). 

228 Thau, A., Oua World. 71, No. 1833, Coking 
Sect, 11 (1919). 
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too low temperatures, which lead to con¬ 
densation of water on the iron equipment, 
with subsequent formation of iron sulfide 
and through that of Prussian blue. Other 
papers dealing with blue discoloration are 
those of Schramm,®^® van den Bossche,®^* 
Leo,^2® and Anon.®** They all agreed that 
cyanogen is the cause. 

A red color is sometimes seen in by¬ 
product sulfate, which may be due to the 
presence of thiocyanate. Lloyd*®* found 
thiocyanates in commercial salts, Thau^^® 
and Leo *** made ferric thiocyanate re¬ 
sponsible for the color, and Anon.*** at¬ 
tributed it to ferric thiocyanate or phenols. 

In concluding this rdsume it should be 
pointed out that the elimination of sulfate 
discoloration is something to strive for not 
only on account of the greater popular ap¬ 
peal of a white salt but also because some 
of the impurities may be definitely harmful 
to the bacterial life of the soil to which the 
sulfate is added as a fertilizer. Lloyd**® 
emphasized this very strongly. 

More modem considerations of ammo¬ 
nium sulfate have dealt to an astounding 
extent with the size and shape of its crys¬ 
tals. We have already indicated that agi¬ 
tation, acid and ammonia concentration, 
temperature, and saturator construction 
play an important role in determining the 
size of crystals obtained. But size is not 
everything. Obviously a long, needle- 
shaped crystal would tend to break in han¬ 
dling and in transit, with resultant pro¬ 
duction of fines and filling of the voids 
with small pieces and powder. This would 
make the salt liable to caking with chang¬ 
ing humidity of the atmosphere. Short, 
chubby crystals, on the other hand, are 
mechanically much stronger and would pre¬ 
serve almost indefinitely the large void 

229 Lloyd, P. J., Ohem. News, BS, 172-3 
(1900) ; EngraU, 28, 1177 (1909); Ohem. 

3, 1820 (1900). 


spaces among them. Both sorts of crys¬ 
tals may belong to the same crystal class, 
differing merely in their habit. It is well 
known that the habit with which a crystal 
may form is often profoundly influenced 
by small amounts of other compounds pres¬ 
ent in the solution during crystallization. 
Such compounds are usually referred to as 
solution associates. This field of solution 
associates and their influence on the crystal 
habitus and size has been made the sub¬ 
ject of intense study. Much of this work 
has been carried out by the producers of 
synthetic ammonia, and coke-oven men 
should be able to take advantage of it in 
the improvement of their own product. 
Though most of the results are contained 
in patents, some very worthwhile papers 
have also been published. 

The Societe de fours a coke et d^entre- 
prises industrielles *** removed copper and 
arsenic from the bath and reduced ferric 
to ferrous salts; the Societe de mines de 
Dourges*®^ reduced ferric to ferrous salts 
with the aid of hydrogen sulfide. Seid- 
ler*®* added to the crystallizing solution 
such materials as wood extract (waste sul¬ 
fite liquor) or other vegetable extracts such 
as pectin or hydropectin. Adam and Mur¬ 
doch*®® prepared ammonium sulfate of 
elongated crystal structure by adding to 
the bath salts of trivalent iron, or of 
chromium, aluminum, titanium, beryllium, 
zirconium, thorium, or yttrium, chromates 
or dichromates. 

Von Kreisler*®* found that coarse crys- 

280 Soci£t6 de fours ft coke et d’entreprises In- 
dustrlelles, Pr. Pat. 637,977 (1926). 

281 Socl6t6 de mines de Dourges, Fr. Pat. 687,- 
997 (1927). 

282 Chemische Fabrik Qross-Weissandt G.m.b.H. 
and Seidler, P., Ger. Pat. 619,617 (1027). 

233 Adam, W. G., Fr. Pat. 697,667 (1030). 
Adam, W. G., Murdoch, D. G., and Gas Light 
and Coke Co., Brit. Pat. 330,046 (1920) ; U. S. 
Pat. 1,919,707 (1988). 

884 Von Kreisler, A., Fr. Pat. 760,029 (1984) ; 
U. S. Pat. 2,021,098 (1036). 
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tals are produced by addition of urea. He 
used 2 to 6 parts per 100 parts sulfate, and 
the final product may contain from 0.1 
to 0.5 percent urea. Gluud, Klempt, and 
Ritter 28» found iron most harmful in a 
saturator, and they devised methods and 
apparatus for its removal. In the pre¬ 
ferred arrangement salt was made until 
the mother liquor contained too much iron. 
Then the bath was allowed to become am- 
moniacal, whereby the iron was precipi¬ 
tated as sulfide and was removed. It 
might also be removed after proper oxida¬ 
tion as ferric hydroxide. The iron was 
removed in a similar manner by Tielken 
and Riese,28« and by Deutsche Ammoniak- 

Verkaufs-Vereinigung.287 The I. G. Farb- 

enindustrie proposed the addition of 
aluminum salts to the bath. Aluminum 
sulfate might be added to the extent of 
0.003 to 0.7 per 1,000 (calculated as 
AI 2 O 3 ). As auxiliary agents there might 
he used salts of sodium, potassium, zinc, 
and manganese. In a similar group of pat¬ 
ents to the I. G. Farbenindustrie 288 there 
was also added an aluminum salt, but be¬ 
sides that there were mentioned various 
combinations with manganese, zinc, sodium, 
potassium, magnesium, iron, and organic 
sulfonic acids (such as phenolsulfonic acid). 
In a third group of patents to the 1. G. 
Farbenindustrie 2^0 aluminum was replaced 

235 Gluud, W., Klempt, W., and Ritter, H., Ger. 
Pat. 563,552 (1930). Klempt, W., Ger. Pat. 
631,353 (1936). Ges. ftir Kohlentechnik m.b.H,, 
Fr. Pat. 762,636 (1934). 

286 Tielken, O., and Riese, W., Ger. Pat. 598,- 
773 (1934). 

28 T Deutsche Ammoniak-Verkaufs-Vereinigung, 
G.m.b.H., Ger. Pat. 632,181 (1936). 

238 I. G. Farbenindustrie A.-G., Fr. Pats. 781,- 
750, 789,995 (1935). Jeltsoh, A., and Strzyaew- 
Bki, A., U. S. Pat. 2,092,073 (1937). 

289 Rumscbeidt, C., Jeltsch, A., Strzyzewskl, 
A., and Hegge, H., U. S. Pat. 2,043,066 (1936); 
Ger. Pats. 648,539, 651,311 (1937). 

2401. G. Farbenindustrie A.-G., Fr. Pat. 786,- 
821 (1935) ; Brit. Pat. 440,807 (1936). Rum- 


by chromium and trivalent iron, in com¬ 
bination with sodium, manganese, zinc, 
magnesium, and organic sulfonic acids 
(such as aniline disulfonic acid). The 
chromium and iron mightr be in the form 
of complex salts such as ferro- and ferri- 
cyanides. Rayner and the Imperial Chem¬ 
ical Industries removed trivalent ions, 
such as those of iron, aluminum, or chro¬ 
mium, by the addition of enough oxalate 
of ammonium, sodium, or calcium to pre¬ 
cipitate them. The same object of remov¬ 
ing iron, aluminum, or chromium ions was 
achieved by Applebey and Imperial Chemi¬ 
cal Industries by the addition of hydro¬ 
fluoric, hydrocyanic, or thiocyanic acids or 
their salts, which bind the metal ions in 
complex form. As auxiliary substances 
there might be used glucose, cane sugar, 
black treacle, and molasses. Berkhoff and 
the Staatsraijnen in Limburg removed 
iron, aluminum, and chromium from satu¬ 
rator baths by the addition of phosphoric 
acid or acid-soluble phosphates, and in an¬ 
other patent they substituted arsenates 
for the phosphates. 

Gluud, Klempt, and Ritter made an 
extensive study of the effects of various 
conditions upon the crystal form of by¬ 
product ammonium sulfate. Impurities 
such as pyridine, tar acids, and arsenic ap- 

Hchoiclt, C., and StrzyzpwHki, A., U. S. Pnt. 
2,099,079 (1937). 

241 Raynor, J, W. R., and Imperial (’hemical 
IndUHtrioH Ltd., Brit. Pat. 484,921 (1938). Im¬ 
perial Chemical Industries of Australia and New 
Zealand Ltd., Australian Pat. 104.689 (1938). 

242 Applebey, M. P., and Imperial Chemical In¬ 
dustries Ltd., Brit. Pat. 485,164 (1938). Im¬ 
perial Chemical Industries of Australia and New 
Zealand Ltd., Australian Pat. 104,688 (1938). 

243 Berkhoff, G.. Jr.. Fr. Pat. 767,290 (1920) ; 
U. S. Pat. 2,102,107 (1937). De Dlrectie van de 
Staatsmijnen in Limburg, Dutch Pnt. 39,571 
(1936). 

244 De Dlrectie van de Staatsmijnen In Lim¬ 
burg, Fr. Pat. 838,977 (1939). 

245 Gluud, W., Klempt, W., and Ritter, H., 
Ber. Ges. Koklentech., 8» 871-84 (1981). 
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peared to have no effect, and iron in its 
trivalent form was found to be the deter¬ 
mining factor. Chromium and aluminum 
were equally detrimental. On the other 
hand, the lower-valence forms of iron, man¬ 
ganese, and cobalt exerted a very favorable 
influence. The authors proposed to elimi¬ 
nate the deleterious iron compounds by 
oxidation and precipitation as hydroxide. 
A paper by Klempt**® expanded the pre¬ 
vious one in several directions. 

Berkhoff -^^ also investigated the shape 
and size of ammonium sulfate crystals as 
they are influenced by physical and chemi¬ 
cal means and came to conclusions which 
essentially agree with those of Gluud and 
his CO workers. He suggested the removal 
of iron (aluminum, chromium) by the ad¬ 
dition of superphosphate in an amount of 
44 pounds of 14 percent superphosphate to 
a saturator of 460 cubic feet capacity and 
from 0.5 to 1.0 percent acidity. Among 
desirable physical conditions he mentioned 
homogeneity of the bath i)roduced by 
proper agitation, constant acidity, constant 
total crystal-surface area, and prevention 
of local nucleus formation. Eissner dis¬ 
cussed the influence of various compounds 
on the crystal habit of amnionium sulfate 
and illustrated his points with diagrams 
and photomicrographs. Pererman and 
Strakhova advocated an acidity of not 
over 1 to 2 percent and the elimination of 
trivalent ions by superj)hosphate or ground 
phosphate rock. There seems nothing in 
their paper to distinguish their work from 
that of Gluud et al. and of Berkhoff. Fi- 

246 Klempt, W., ihid., 4. 191-202 (1933). 

247 Berkhoff, G., Jr., Chem. Wcfkhlad, 32, 180- 
97 (1935) ; Chcm. App., 28, 104-7, 118-9, 125-7 
(1936). 

248 EiHHuer, W., Fortachr. landtr.-chem. ForncJi., 
1987, 208-17; Chem. Abe., 83, 3957 (1939). 

249 Pererman, S., and Strakhova, B.. J. Chem. 
Jnd. {U.8.8.R.), 1 ,%, No. 7, 26-31 (1938) ; Chem. 
Abe., 82, 8840 (1938). 


nally, Travers^®® described the detrimen¬ 
tal effect of trivalent iron and suggested 
reduction to the innocuous divalent form. 
A general review of methods and apparatus 
for the production of coarse-grained am¬ 
monium sulfate has been given by Thau.^®^ 

Although sulfuric acid is practically the 
only agent used to bind ammonia contained 
in distillation gases, a number of other 
acids and acidic materials have been em¬ 
ployed. Foremost, perhaps, is niter cake, 
sodium acid sulfate, which gained some 
prominence during and after the first world 
war. At that time sulfuric acid became 
quite scarce, owing to the needs of the 
war industries, and efforts were made to 
utilize the one-half of the acid still con¬ 
tained in the residue from nitric acid manu¬ 
facture. 

The use of this material had already 
been suggested at the end of the last cen¬ 
tury b> Price but was forgotten until 
the English government recommended it 
as an economy measure during the first 
world war. Cooper^®® reprinted .the gov¬ 
ernment's advice and gave some of his 
own observations. A solution of equal 
parts by weight of water and niter cake is 
mixed with sulfuric acid in the ratio of 
2 to 3 and heated to about 200® F. The 
acidity in the saturator is maintained at 
about 6 percent. Sodium sulfate is ob¬ 
tained in the beginning, but ammonium 
sulfate is soon recovered in a purity of 
about 83 percent. The process saves from 
15 to 25 percent sulfuric acid, but the so¬ 
dium sulfate content and a rather high 
acidity of the product are undesirable fea¬ 
tures. The British Sulphate of Ammonia 

260 Travers, A., Congr. chim. ind., Compt. rend. 
I8rn* Congr., Nancy, Scpt.-Oct., 1988, 82-3; 
Chem. Aba., 33, 6533 (1939). 

251 Thau, A.. Coal Carbonisation, 3, 173-5 
(1937), 4, 27-8 (1938). 

252 Price, A. P., Brit. Pat. 6.983 (1884). 

258 Cooper, G. S., Chem. Trade J., 58, 235 
(1916) ; J. Gas Lighting, 188, 523-4 (1916). 
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Association, in a publication by an salt as a final product. Dawson 2 ®® in a 


anonymous author, took cognizance of the 
situation and advised that (1) the process 
should be used only during the war; (2) 
no salt of less than 24 percent ammonia 
should be made; (3) the niter cake used 
should not contain more than 0.05 percent 
nitric acid, in order to avoid damage to 
the lead lining of the saturator; (4) not 
more than 10 percent sodium bisulfate 
should be used. Gavin reported on 
practical tests in which a salt with 23.59 
percent ammonia, 0.78 percent free acid, 
and 3 percent moisture was produced. The 
Society industrielle de produits chi- 
miques^®® treated an aqueous solution of 
niter cake with excess ammonia and pre¬ 
cipitated the sodium as bicarbonate with 
carbon dioxide. According to other pat¬ 
ents of the same company a double 
salt (NaNH 4 S 04 ) is made from niter cake. 
A solution of this salt at 111® C precipi¬ 
tates sodium sulfate and allows the recov¬ 
ery of ammonium sulfate at 70® C. In 
modifications of this process the separation 
of the sodium sulfate is carried out at 0® C, 
or the double salt is heated to 350-600® C, 
thereby expelling ammonia and reform¬ 
ing sodium bisulfate. A later patent to 
the same company expanded this last 
idea of recovering ammonia by heating the 
double salt. Fischer and Niggemann^*® 
found the process quite feasible technically 
but thought it best to aim at the double 

2G4 Anon., Chem. Trade J., 58, 342-3 (1916) ; 
Vhem. NewH, 113, 175-6 (1916). 

265 Gavin, R. J., Gas World, 05, 539-40 
(1916) ; </. Oaa Lighting, 180, 545-6 (1916). 

266 Soci6t4 Industrielle de produits chimiques, 
Brit. Pat. 109,814 (1917). 

267 Socl4t4 industrielle de produits chimiques, 
Brit. Pat. 127,649 (1918). Vis, G. N., U. S. 
Pats. 1,364,822, 1,.366,301-2 (1921). 

258 Soei4t4 industrielle de produits chimiques, 
Brit. Pat. 136,834 (1918). Vis, G. N., U. 8. 
Pat. 1,366,303 (1921). 

269 Fischer, F., and Niggemann, H., Oea, Ah’ 
handl, Kenntnia Kohle, 1, 285-8 (1916-6). 


patent and in excellent phase-equilibrium 
studies gave abundant data on how best to 
carry out the process. Fertilizer tests 
proved that the sodium sulfate contained 
as an impurity in the ammonium sulfate is 
an accessory fertilizer and raised the yield 
per acre considerably. An anonymous 
paper 2®^ pointed out that up to 10 per¬ 
cent sodium sulfate content does no harm 
when the ammonium sulfate is used as a 
fertilizer; on the contrary, it aids in the 
assimilation of potassium from the soil. 
The paper also advised dissolving the niter 
cake used in the process in sulfuric acid 
and not in water, in order to avoid dilu¬ 
tion in the saturator. The nitrate limit 
was set at “less than 0.25.” 

The process did not remain a war meas¬ 
ure, however, but was considerably im¬ 
proved afterwards. Norris,®®- in a fine 
paper summarizing the prior art in an ex¬ 
tensive bibliography, reported on his own 
process. He claimed to have obtained am¬ 
monium sulfate of 95 percent purity, con¬ 
taining 2.5 percent sodium sulfate, 0.22 per¬ 
cent free acid, and 1.5 percent water. The 
sodium sulfate produced also was of 95 per¬ 
cent purity. Costs were given, which 
showed the process to be even more ad¬ 
vantageous under normal conditions than 
in war. Molitor described the plant ar¬ 
rangement and the process used by him. 
Anhydrous sodium sulfate and ammonium 
sulfate (both technically pure) were pro¬ 
duced. 

Another half-substituted sulfuric acid 
proposed and used in making ammonium 
sulfate is ethylsulfuric acid. This com- 

260 Dawson, H. M., Brit. Pat. 114,236 (1917) ; 
J, Chem. 8oo., 118, 675-88 (1918) ; J. Boo. 
Chem. Ind., 88, 98-lOlT (1919). 

261 Anon., Gaa- u. Waaaer/ach, 61, 91-2 (1918). 

262 Norris, W. H. H., J. Boo. Chem. Ind., 40, 
208-12T (1921). 

268 Molitor, H., Chem.-Ztg., 50, 486-6 (1926). 
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pound is obtained in some coke plants, 
which recover ethylene from gas as ethyl 
alcohol with the aid of strong sulfuric acid. 
The ethylsulfuric acid obtained in the gas¬ 
scrubbing operation must be treated with 
an alkali to recover ethyl alcohol. Vallette 
and the Compagnie de Bethune^®^ pro¬ 
posed using ammonia as the alkali, and 
thus recovering ammonium sulfate as a 
byproduct. It would seem that this proc¬ 
ess would not be applicable to the treat¬ 
ment of coke-oven gas in a saturator but 
might be feasible with strong ammonia liq¬ 
uor or dephlegmated vapors from the am¬ 
monia still. 

AMMONIUM HUMATES 

A purely organic acid material for the 
removal of ammonia from gas was pro¬ 
posed in the form of peat and humic acids 
of various kinds. It was first advocated 
by de Cuyper^®® at the turn of the cen¬ 
tury. This inventor proposed to recover 
ammonia from its compound with peat by 
heating the mass at temperatures up to 
tS0° C. Anyone who has ever worked with 
humic acids knows how tenaciously they 
hold ammonia. The second part of de 
Cuyper’s process is therefore thought to be 
nonoperative. Kollrepp and Wohl made 
a similar proposal but purposely worked 
at temperatures at which moisture would 
not condense. The product w^as to be ex¬ 
tracted with water or acids to recover am¬ 
monia from the ammoniated peat, but the 
authors also advocated its use iis a fer¬ 
tilizer. Lemmermann and Wiessmann 

264 Compagnie de B^thune, Brit. Pat. 197,.S15 
(1923). Vallette, F., Chimie d Industrie, 13, 
718-21 (1926). 

205 De Cuyper, B., Ger. Pat. 70,791 (1893). 

260 Kollrepp, A., and Wohl, A., Ger. Pat. 134.- 
77.T (1902). 

267 Lemmermann, 0., and Wiessmann, H., Filh- 
ling*8 Landw, Ztg., 69, 282-9 (1920) ; Chem. 
Aha., 15, 1054 (1921). 


investigated the fertilizing value of ammo¬ 
nium humate and found it to be equal to 
ammonium sulfate when used as a top 
dressing but inferior when worked into the 
soil. Different soils showed different be¬ 
havior. Wiederhold and Ehrenberg 
brought ammonia-containing gases into 
contact with disintegrated lignite or other 
crude carbonaceous material containing or¬ 
ganic acidic substances, and Industrial Re¬ 
search Ltd.^®® did virtually the same thing. 
Ammonia may be recovered from these 
masses in the usual manner, or they may 
be used as fertilizers. Scholl and Davis 
in recent years took up the ammoniation 
of peat and came to very favorable con¬ 
clusions. A nitrogen content as high as 
21.7 percent was obtained, of which 70 to 
95 percent was in active form. It would 
seem that this subject should receive more 
attention, certainly from gasworks which 
have ready access to peat bogs of high 
humic acid content or to brown coals of 
the Kassel Brown type, which are almost 
pure humic acid. 

Other common acids such as hydro¬ 
chloric, nitric, phosphoric, and carbonic 
have been proposed and used, but since 
processes employing them usually start 
with ammonia liquor, they will be treated 
in a special section of this chapter as well 
as in the chapter dealing with ammonia 
liquor. 

PRODUCTION OP AMMONIUM SALTS BV 
DOUBLE DECOMPOSITION 

The processes of the Societe industrielle 
de iiroduits chimiques have already been 
described.^®^' Briefly, they contemplate 
using niter cake as the absorbing agent to 

268 Wiederhold, H., and Ehrenberg, C., U. S. 
Pat. 1,459,703 (1928). 

289 Industrial Research Ltd., Brit. Pat. 191,- 
741 (1923). 

270 Scholl, W., and Davis, R. O. B., Ind. Eng. 
Chem., 2S, 1074-8 (1933). 
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make a double sulfate of sodium and am¬ 
monium, which is decomposed by heat to 
yield ammonia. Feld absorbed ammonia 
from gases with the aid of salts so chosen 
that the corresponding oxides, hydroxides, 
carbonates, sulfides, and cyanides would on 
heating expel ammonia from the salts. To 
the washing solutions there might be added 
salts of alkalies or ammonia in order to 
prevent coagulation of the washing liquid. 
In a typical example, a solution of mag¬ 
nesium chloride containing ammonium chlo¬ 
ride was fouled with gas and then regen¬ 
erated by heating. Almost pure carbon 
dioxide was first obtained, then carbon di¬ 
oxide and ammonia. Finally the original 
magnesium chloride solution was regener¬ 
ated, and as a result of the operation the 
ammonia of the gas was obtained in a 
more concentrated form. The fouling step 
was expressed by the equation: 

MgCh + 2NH4CI + 2NH3 + CO2 + H2O 

4 NH 4 CI -h MgCO, 

On heating, the reaction is reversed accord¬ 
ing to the equations: 

2MgC08 -b 8 NH 4 CI -h H 2 O 

MgC03Mg(0H)2 + 8NH4CI + CO 2 
MgC 03 -Mg( 0 H )2 + 8NH4CI 
2(MgCl2'2NH4Cl) -h 4NH3 -b CO 2 -b 2H2O 

Bergfeld treated gas with the solution 
of a salt easily oxidized and reduced by 
the electric current. He obtained free am¬ 
monia and sulfur. The process is repre¬ 
sented by the following equations: 

electric 

2KI + 2H2O -I2 + 2KOH -b H2; 

current 

I 2 + H 2 S 2HI -b S 

ariFeld, W., Ger. Pats. 170,746 (1902), 185,- 
419 (1905) ; U. S. Pat. 837,035 (1906) ; Brit. 
Pat. 18,505 (1906) ; Fr. Pat. 369,258 (1906). 

272 Bergfeld, L., Ger. Pat. 263,905 (1913). 


HI -b NHs NH 4 I; 

NH 4 I -b KOH NHs + KI 

Instead of KI there may be used Mn 2 - 
( 804 ) 3 . The process is more interesting 
than practical. According to another pat- 
tent,Bergfeld washed the gas with solu¬ 
tions of salts “which combine with or ab¬ 
sorb other substances and hold them until 
heated to about 100° This “hot actifi- 
cation” is very reminiscent of processes for 
the recovery of hydrogen sulfide from 
gases, which have become rather promi¬ 
nent. They are described in Chapter 26. 
Bergfeld proposed removing ammonia from 
gas by weak or only partially saturated 
acid compounds such as primary potas¬ 
sium phosphate, fluorides, polyborate, ci¬ 
trate, acetate, or esters with weakly bound 
acid. Heating of the solutions expels the 
ammonia and regenerates the original 
washing liquor. Bone and Finchused 
primary ammonium phosphate in a very 
similar manner. Deitz passed gas con¬ 
taining ammonia through a bed of vanadic 
acid, in the presence of water at tempera¬ 
tures of 30 to 80° C. The solid product on 
heating to 200 to 250° C liberates ammonia 
with regeneration of vanadic acid. A still 
fancier system was devised by the I. G. 
Farbenindustrie.-^® According to this 
scheme the gases were brought into con¬ 
tact with microporous hydrophilic absorb¬ 
ents that contained added water. The ex¬ 
hausted mass might be regenerated by a 
treatment with moist or moistened gases or 
with steam. The water in the absorbents 
might contain ammonium nitrate or cal¬ 
cium chloride, and the absorbent might be 

273 Bergfeld, L., Ger. Pat. 270,204 (1911). 

274 Bone, W. A., and Finch, G. I., Brit. Pat. 
222,587 (1923). 

275 Delta, L. S., Jr., U. S. Pat. 1,849,420 
(1932). 

276 I. G. Farbenindustrle A.-G., Brit. Pat. 496,- 
026 (1938) ; Fr. Pat. 834,881 (1938). 
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silica gel or activated alumina. Pressures 
up to 200 atmospheres could be used. On 
the same order, but leading to the next 
group of processes—those using double de¬ 
composition—is the idea presented by 
Jeanprost and Maginot 277 of utilizing base¬ 
exchanging compounds such as zeolites to 
absorb ammonia, pyridine, and other com¬ 
pounds from gas. 

Many investigators have tried to bind 
ammonia in gas by treatment with metal- 
salt solutions, particularly sulfates. Fore¬ 
most among these proposals is one utilizing 
the cheai^est sulfate in existence: natural 
gypsum. It is quite understandable that 
this intriguing substitute for sulfuric acid 
received a great deal of attention, espe¬ 
cially in countries which have to import 
sulfur. The difficulties were manifold, and, 
though it had its start in l)yproduct am¬ 
monia recovery, the jirocess was really not 
brought to perfection until it had been 
taken up by the synthetic ammonia in¬ 
dustry. Very large German plants are 
equipped to use either the old-fashioned 
sulfuric acid or the gypsum process, and, 
according to private information, they use 
either, depending on the price of imported 
sulfur and sulfur ores. This independence 
in the choice of raw materials has tremen¬ 
dous economic advantages, since the oper¬ 
ator is no longer at the mercy of the sup¬ 
plier of raw materials. 

Carbonic acid is perhaps the most im¬ 
portant factor in the proper functioning 
of the gypsum process, which in conse¬ 
quence is i)articularly adapted to indirect 
ammonia-recovery plants, where the am¬ 
monia liquor furnishes the best means of 
regulating the ammonia-carbon dioxide ra¬ 
tio. However, it may also be used with 
the semi-direct process. 

277 Jeanprost, C., and Maginot, C., Fr. Pat. 
793,958 (1936). 


Bolton and Wanklyn 278 at a very early 
date suggested that crude coke-oven and 
blast-furnace gas be cleaned of ammonia 
by passing it over gypsum. Feld 2 ^®* blissed 
gas, from which tar and water had been 
removed in the usual manner, into a gyp¬ 
sum suspension. Wiihlert2®o reported on 
the oi)eration of a plant using the Feld 
process. After a lull of about 20 years 
Tunius2«7 revived the problem. He fig¬ 
ured that coke-oven gas contains more 
than sufficient carbon dioxide to- react with 
all the ammonia in it, but that ammonia 
liquor obtained by distillation of the crude 
does not. He washed the tar-free gas with 
a suspension of calcium sulfate in a re¬ 
volving column, using the countercurrent 
principle, and recovered 98 percent- of the 
ammonia present in the ga.s. The rest was 
washed out with water. The process re¬ 
quires careful chemical control and is 
costly, owing to the necessity of evapo¬ 
rating the ammonium sulfate solution. 
Tunius believed that in normal times it 
could not compete with the regular sul¬ 
furic acid process. Jackman 28^ also took 
uj) the idea. He washed the gas with a 
saturated calcium sulfate solution in a 
packed tower. The calcium carbonate 
sludge was drawn off from time to, time, 
and the liquor was evaporated to crystalli¬ 
zation. The removal of ammonia from the 
gas is incomplete in the Jackman process, 
depending chiefly on the temperature and 
the free ammonia content of the scrubbing 
liquor. It amounted to 52.4 percent in a 
semiplant-scale installation, and the author 
seemed satisfied that with proper refine- 

278 Bolton, F. J., and Wanklyn, J, A., Brit. 
Pat. 2,709 (1882). 

279 Feld, W., Brit. Pat. 29,762 (1906); U. S. 
Pat. 851,349 (1907). 

28oWiihlert, J. Gaabeleucht., 50, 816 (1907). 

281 Tunius, G. B., Goa- u. Waasrrfach, 61, 94-2 
(1924). 

282 Jackman, H. W., Oaa J., 175 , . 428-9 
(1926) ; Oaa Age-Kvcord, 00, 107-8, 116 (1927)*. 
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ments.in the equipment an almost com¬ 
plete recovery should be attainable. How¬ 
ever, such refinements would be econom¬ 
ically feasible only in large plants. 

The majority of the gypsum processes 
start from preformed ammonium carbonate, 
from gases rich in carbon dioxide and am¬ 
monia, or from strong ammonia liquor. 
Earliest in the field was perhaps the Societe 
industrielle de produits chimiques, which 
took out a number of patents 2 ®® covering 
various phases of the process. They con¬ 
templated all three possibilities but in their 
latest embodiment proposed to pass ammo¬ 
nia and carbon dioxide into a suspension 
of gypsum in concentrated ammonium sul¬ 
fate solution at an elevated temperature. 
The calcium carbonate was filtered from 
the hot solution, and solid ammonium sul¬ 
fate was obtained on cooling, whereupon 
the cycle was repeated. In this way evap¬ 
oration of dilute solutions was avoided. 

The Badische Anilin und Soda Fabrik 
worked on the problem at about the same 
time, and they found the greatest difficulty 
to be the filtration of the fine carbonate 
sludge. This was overcome by the use of 
immersion filters like those employed in 
gold extraction. The carbonate slime coats 
the filter with a uniformly pervious film, 
which remains equally effective on washing 
with a small amount of water, Wride,-®® 
reporting on the process, claimed that with 
a three-stage countercurrent process 95 per¬ 
cent of the ammonia was recovered. A 
small amount of sulfuric acid was used 
for neutralization. The chief difficulties 
were said to arise from the formation of 

283 Soci^t6 industrielle de produits chimiques, 
Pr. Pat. 427,065 (1911), Fr. Add. to above 14,046 
(1911), Add. 15,307 (1912), Add. to above 16,763 
(1913); Ger. Pat. 253,553 (1912). 

284 Badische Anilin und Soda Fabrik, Brit. 
Pat. 27,962 (1913) ; Get. Pat. 281,174 (1913). 

285 Wride, D. H. B., Chem. Age {London), 
2 , 82-8 (1920). 


crusts of calcium carbonate and sulfate in 
the apparatus. 

Neumann made an exhaustive study 
of the process along physicochemical lines. 
He calculated the equilibrium constant for 
the reaction and found that it indicates a 
theoretical yield of 99.95 percent at 35“ C. 
The temperature has a negligible effect, but 
the concentration is of considerable impor¬ 
tance. The reaction is fast in the begin¬ 
ning, but it slows down quickly and ac¬ 
tually takes 15 to 20 hours to go to fair 
completion. Different forms of gypsum 
were employed in the tests; it was found 
that the dihydrate gives an 85 percent 
yield, the hemihydrate 92 percent, and an¬ 
hydrite 90 percent. Formation of the dou¬ 
ble salt ^^ammon syngenite” was a limiting 
factor. For practical purposes the anhy¬ 
drite was recommended. 

An anonymous communication ®®^ re¬ 
ported on the operation of the Oppau 
plant of the Badische Anilin und Soda 
Fabrik in which 1,000 tons of gyi)sum was 
consumed daily. Carbon dioxide gas was 
passed into a suspension of gypsum in am¬ 
monia liquor contained in a number of 
cone-bottom tanks equipped wUh stirrers. 
The reaction lasted 9 to 10 hours. Vola¬ 
tilized ammonia was recovered by water 
scrubbing. An ammonium sulfate solution 
of 25 percent was produced. 

Matignon and Frejacques ®®® found that 
with commercial gypsum and concentrated 
solutions of ammonium carbonate and am¬ 
monium sulfate the equilibrium was ])rac- 
tically reached after 5 hours’ agitation, and 
the coefficient of transformation was over 
96 percent. The velocity of the reaction 
was studied as a function of the concen- 

288 Neumann, B., Z. angew. Chem., 34, 441-2, 
445-7 (1921). 

287 Anon., Chem. d Met. Eng., 24, 391-4 
(1921). 

288 Matignon, C., and Frejacques, M., Compt. 
rend., 175, 33-6 (1922). 
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tration of the ammonium carbonate solu¬ 
tion, of the size of the gypsum particles, 
and of the rate of stirring. Fast agitation 
gave greater reaction speed, as did fine 
grinding of the solid phase. Ammonium 
sulfate in the initial solution retarded the 
completion of the reaction, as did dilution 
of the ammonium carbonate. 

Jackman saturated a 15 percent am¬ 
monia liquor with carbon dioxide obtained 
from flue gases in a packed tower. Gyp¬ 
sum was added to this solution in small 
quantities at a time, with stirring. Cal¬ 
cium carbonate was filtered off and the so¬ 
lution evaporated to produce solid ammo¬ 
nium sulfate. Hoffman,28» with gas liquor 
as a starting material, obtained a 65 per¬ 
cent yield, the salt being 95 percent pure. 
The product was discolored because hydro¬ 
gen sulfide attacked the iron evaporator. 
Parrish discussed the reaction between 
ammonium carbonate and anhydrite. He 
pointed out that carbonation and conver¬ 
sion must be carried out in separate vessels 
if the reaction rate is to be increased and 
side reactions are to be prevented; he him¬ 
self used four vessels in series. 

Wasilewski and associates investigated 
the influence of pressure on the process. 
They used a countercurrent ammonia sys¬ 
tem and a suspension of gypsum in carbon 
dioxide and steam (?), and tried pressures 
of 2 to 3 atmospheres and temperatures of 
14 to 120® C. With a ratio of 12 parts of 
a gas containing 18 percent ammonia to 
50 parts gypsum, a 40 percent ammonium 
sulfate solution was obtained. The recov¬ 
ery of sulfur trioxide contained in the gyp- 

289 Hoffman, R. A., Oaa Age-Record, 61, 111 
(1928). 

290 Parrish, P., Oaa World, 93. 664-7 (1930) ; 
Oaa Engr., 47, 696-6 (1930) ; Inat. Oaa Engra., 
Communication 19, 9-24 (1930). 

281 Wasilewski, L., Kaczorowski, A., and Za- 
blckl, S., Przemyal Chem., 14, 160-8 (1930) ; 
Chem. Aba., 24, 6942 (1930). 


sum was 96.5 to 98.5 percent, and the am¬ 
monia loss was kept below 0.2 percent. 

Teletov and associates studied equi¬ 
libria and yields of the reaction 

CaS 04 + (NH4)2C03^=5 

CaCOa + (NH 4 ) 2 S 04 

They concluded that: (1) reducing the 
gypsum particles to a size finer than will 
pass a screen 40 to 70 mesh per square 
centimeter does not accelerate the reaction; 
(2) raising the temperature accelerates the 
reaction. Equilibrium was reached in 90 
minutes at 20® C and in 40 minutes at 
50® C. 

Gorshtein and Vishnevskii estimated 
the operating costs of the gypsum process 
to be from 12 to 20 percent lower, and 
capital investment to be 25 percent lower, 
than in the standard sulfuric acid process. 

General papers descriljing one or more 
technical gypsum processes, their produc¬ 
tion costs, and their economic possibilities 
have been published.^®^» Muhlert,^®^ in 
a survey of the utilization of nitrogen in 
coal, stated that the gypsum process has 
not proved successful in the coke-oven in¬ 
dustry except for very large plants. In 
view of what has been reported above, this 
is not surprising but would rather be ex¬ 
pected. 

Though natural gypsum is considered as 
the raw material in the processes previ¬ 
ously discussed, a number of investigators 
used the calcium sulfate in superphosphate 

292 Teletov, T. S., Veleshinetz, A. D., Oure> 
vich, S. M., Dmltrenko, Q. I., and Rogacheva, 
I. A., Vkraln. Khem. Zhur., 7, 141-68 (1932) ; 
Chem. Aba., 27, 2535 (1983). 

293 Gorshtein, G. I., and Vlshnevskil, A. N., 
Vkrain. Khem. Zhur., 7, 156-82 (1932) ; Chem. 
Aba., 27, 2535 (1933). 

294 Prydlender, J. H., Rev. prod, chim., 29, 
613-6, 649-54 (1926). Biddulph Smith, T., Iron 
d Coal Tradea Rev., 116, 179-80, 222-8 (1928). 
Waeser, B., Brennatoff-Chem., 11, 896-8, 416-20 
(1980). 
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or that of phosphoric acid manufacture. 
These attempts will be described later. 

Closely related to the ordinary gypsum 
process is the idea of Bambach and Com¬ 
pany to substitute sulfur dioxide for 
carbon dioxide and to employ the reaction 

2NH8 4- SO 2 -h H 2 O -h CaS()4 

CaSOs + (NH 4 ) 2 S 04 

The calcium sulfite thus produced was to 
bo decomposed by means of acids, or acid 
salt solutions such as niter cake. This 
process would seem too roundabout to be 
generally practical. 

One other natural sulfate offers some 
prospects, at least in a few localities: 
Glauber’s salt. Gulinov and Petrov 
based their proposal on the fact that every 
winter tens of millions of tons of 98 per¬ 
cent Glauber’s salt are washed ashore 
the Karabugaz bay on the Caspian Sea. 
They wanted to convert this salt to am¬ 
monium sulfate and sodium carbonate by 
the reactions 

Na2S04 -f 2NH8 + 2 CO 2 -h 2 H 2 O 

2 NaHC 03 + (NH 4 ) 2 S 04 

2NaHC08 Na^jCOa + CO 2 4- H 2 O 

How well the process worked has not been 
disclosed. 

Next in importance to the processes 
using calcium and sodium sulfates are 
those using a number of other sulfates, es¬ 
pecially of heavy metals. Few ever 
achieved real success, but they were of de¬ 
cided importance in the development of 
the industry because they led the way to 
utilizing the sulfur in the gas for the re¬ 
covery of ammonia from it. 

296 Bambach & Co., Ger. Pat. 279,953 (1914). 

296 Gulinov, V. G., and Petrov, G. V., XJkrain, 
fChem. Zhur., 6, 137-54 (1981) ; Chem. Ahs., 20, 
2280 (1982). 


SIMULTANEOUS RECOVERY OP AMMONIA 
AND SULFUR 

Campbell and Boyd oxidized the hy¬ 
drogen sulfide of the gas with manganese 
dioxide and eventually recovered the am¬ 
monia in the form of sulfate by absorp¬ 
tion in manganese sulfate solution. Iron 
sulfate found much favor because it is so 
commonly and cheaply available as pick¬ 
ling liquor from the steel industry and as 
waste acid from manufacturing operations 
such as the treatment of titanium ores. 
Falding-®® took out a number of patents 
in which he described the use of pickling 
liquor. He first removed hydrogen sulfide 
and hydrogen cyanide from the gas before 
he scrubbed it with the liquor, and after 
absorption he oxidized the solution in or¬ 
der to convert soluble ferrous hydroxide 
to the insoluble ferric hydroxide. Am¬ 
monium sulfate was recovered from the 
solution. Feld2»e also employed ferrous 
sulfate solution, but he precipitated it as 
iron sulfide. England used ferrous sul¬ 
fate in a saturator and precipitated it as 
Oxide. Perry employed either ferric sul¬ 
fate or pickling liquor, and he tried to 
utilize the precipitate of iron sulfide (with 
or without ferrous hydroxide) by roasting 
it to oxide or sulfate. Ammonium sulfate 
was obtained by evaporation and crystalli¬ 
zation in the customary manner. Cole¬ 
man presented a rather elaborate 
scheme. The gas was treated with a coun¬ 
tercurrent of ferrous sulfate solution so 
that at the gas inlet there was an excess 
of ammonia and hydrogen sulfide, and at 

297 Campbell, A., and Boyd, W., Brit. Pat. 
10,186 (1888). 

298 Palding, F. J., U. S. Pat. 961,763 (1910) ; 
Brit. Pat. 20,245 (1910). 

299 Feld,* W., Z. angew. Chem., 24, 97-103 
(1911). 

300 England, G. W., Brit. Pat. 26,429 (1911). 

301 Perry, F., Brit. Pat. 14,079 (1912). 

802 Coleman, W. H., Brit. Pat. 20,900 (1912). 
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the gas outlet an excess of ferrous sulfate. 
This was made possible by the addition of 
hydrogen sulfide, ammonia, or ferrous sul¬ 
fate from later stages of the process. The 
liquor was heated to insolubilize the cyano¬ 
gen compounds, excess ammonia and hy¬ 
drogen sulfide were expelled and returned 
to the gas, and the precipitate was fil¬ 
tered off. Ammonium sulfate was obtained 
from the filtrate in known manner, and the 
filter cake was treated with sulfuric acid 
in two steps to obtain a neutral iron sul¬ 
fate solution, insoluble cyanogen-iron com¬ 
plexes, and hydrogen sulfide. The last 
may be converted to sulfuric acid. 

Zinc sulfate proved a little more success¬ 
ful than iron sulfate, probably because 
under the conditbns of its use it is less 
comjdicated by the formation of insoluble 
cyanide complexes. It became rather 
prominent for a while and may still have 
good chances in plants of sufficient size. 
Though the process is normally attributed 
to Cobh the idea seems to have been voiced 
first by Fabry. In his earliest patents and 
in a paper Fabry proposed washing 
crude coke-oven gas with cold, neutral zinc 
sulfate solution, making ammonium sulfate 
and zinc sulfide. The sulfide was dried 
and roasted to the sulfate, which goes back 
into the process. Ammonium sulfate was 
recovered from the solutions in known 
manner. A later patent and paper con¬ 
tained the suggestion of dissolving the zinc 
sulfide in sulfuric acid, thus regenerating 
zinc sulfate and evolving hydrogen sulfide, 
which could be converted to sulfuric acid. 
Cobb 305 had substantially the same ideas 
as Fabry, but he augmented them by an 

303 Fabry, R., Brit. Pat. 4,473-4 (1910) ; J. 
Gas Lighting, 112. 52 (1910). 

804 Fabry, R., Brit. Pat. 5,667 (1911); En- 
9rais/*2S, 551-3 (1913); Chem. Ahs., 7, 4060 
(1918). 

806 Cobb, J. W., Brit. Pat. 13,141 (1912) ; 
U. S. Pat. 1,108,705 (1914). 


attempt to overcome the main difi&culty of 
the process—the roasting of the sulfide to 
sulfate. Apparently a mixture of sulfate 
and oxide is obtained in a normal roasting 
operation. Cobb proposed to slurry this 
mixture with water and to introduce into 
it the roasting gases and air, in order to 
convert the oxide portion to sulfate via 
the sulfite. A paper by Curphey®* pro¬ 
nounced the process technically successful. 
Cobb himself many years later®®® consid¬ 
ered the process sound but thought it ap¬ 
plicable only to large plants, because on a 
small scale the high labor costs involved 
in the many operations would be prohibi¬ 
tive. The I. G. Farbenindustrie also 
tried to solve the main problem of the 
Fabry-Cobb process by treating the zinc 
sulfide in aqueous slurry at about 180“ C 
under an oxygen pressure of 20 to 30 at¬ 
mospheres. There would seem to be a far 
greater chance of technical success with 
this modification than with the original 
process, because it would make the conver¬ 
sion more dependable, eliminate drying of 
the zinc sulfide sludge, and save mtich 
labor. 

A proposal closely related to the preced¬ 
ing was made by Fritzsche.®®® It con¬ 
templated scrubbing the gas with a solu¬ 
tion of aluminum sulfate, producing alumi¬ 
num hydroxide and ammonium sulfate, 
which was recovered from thp solution. 
The aluminum hydroxide was filtered off 
and converted to aluminum sulfite by 
means of sulfur dioxide, and the sulfite 
was in turn oxidized to sulfate, which went 
back into the process. 

These last processes brought to partial 
fulfillment the fondest dream of men in 

806 Cobb, J. W., Gas J., 188, No. 3472, Inst 
Gas Engrs. Suppl., 45 (1929). 

307 I. 6. Farbenindustrie A.-Q., Brit. Pat. 288,- 
977 (1927). 

308 Fritzsche, P., Brit. Pat. 25,454 (1911) , 
Ger. Pat. 256,400 (1912). 
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the gas industry: to utilize the hydrogen 
sulfide of the gas for the production of 
ammonium sulfate. It had been realized 
since the b^inning of coal carbonization 
that there is enough sulfur in the average 
gas to take care of all the ammonia it con¬ 
tains. To many practical men it was there¬ 
fore painful to have to buy sulfuric acid 
while they had to remove hydrogen sulfide 
from gas at considerable cost and without 
appreciable return. Naturally, many ef¬ 
forts were made to accomplish this aim 
fully, but only few were crowned with 
success. The work of two men in particu¬ 
lar has been so outstanding that their 
names are commonplace in the industry: 
Feld and Burkheiser. 

The early efforts of Feld^®® were di¬ 
rected to using iron sulfate for the absorp¬ 
tion of ammonia and hydrogen sulfide, but 
soon he learned that it was unnecessary to 
keep adding iron sulfate and removing iron 
sulfide. Feld found that iron sulfide would 
dissolve with the aid of sulfur dioxide to 
form water-soluble salts such as thiosul¬ 
fate (FeS 203 ) and tetrathionate (FeS 40 e). 
These solutions are capable of absorbing 
ammonia and hydrogen sulfide, forming 
the corresponding ammonium salts and 
iron sulfide. Thus by alternately treating 
the solutions with coke-oven gas and sulfur 
dioxide an enrichment with ammonium 
salts is obtained. When a concentration of 
30 to 45 percent ammonium polythionate 
is reached, the liquor is heated and sulfur 
dioxide is passed through it, whereupon the 
polythionates are decomposed with the for¬ 
mation of ammonium sulfate, iron sulfate, 
sulfur, and sulfur dioxide. The sulfur is 
separated and part of it is burned to fur¬ 
nish the sulfur dioxide necessary in the 
process. Iron sulfate is precipitated by 
passing raw gas through the solution, the 
iron sulfide is filtered off, and the solution 
is evaporated to obtain solid ammonium 


sulfate. Other salts such as those of zinc 
or manganese can be used in the process. 

The mechanism of this scheme is very in¬ 
volved and embodies a large number of re¬ 
actions. Feld®o® described them in great 
detail, listing some twenty-one equations. 
Other publications on this subject are 
numerous.^' 

Feld soon recognized that the metal salts 
were wholly unnecessary for the process, 
and that he could do just as well by start¬ 
ing with a solution of ammonium poly¬ 
thionates. Owing to the early death of 
the inventor the development and scientific 
investigation of this newer phase of the 
process were left to others. According to 
Feld’s improved process, the original wash 
liquor was made up of ammonia, sulfur di¬ 
oxide, and sulfur, and consisted mainly of 
ammonium tri- and tetrathionate: 

2NH8 + SO 2 + S -h H 2 O (NH4)2S208 

2(NH4)2S203 -f 3 SO 2 i:? 

(NH4)2S806 + (NH4)2S406 

When the gas is scrubbed with this solu¬ 
tion it picks up ammonia and hydrogen 
sulfide according to the equations 

(NH4)2S306 + 2NH8 + H 2 S 

= 2(NH4)2S203 

(NH4)2S406 + 2NHs + H 2 S 

= 2(NH4)2S203 -f- S 

809 Feld, W., J. Gag Lighting, 107, 816-8 
(1909) ; Z. angew, Chem., 24. 97-103 (1911), 
25. 705-11 (1912). 

310 Anon., J. Gas Lighting, 107, 761 (1909). 
Stavorlnus, D., J. Gagbeleucht., 53. 705-6 (1910). 
Hurdelbrink, F., ibid., 58, 956, 61 (1910). 

811 Reichel, J., Stahl u. Eiaen, 88, 982-7, 
1028-30 (1913) ; GlUckauf, 40, 568-72, 616-9 
(1913). 

812 Feld, W., Ger. Pate. 237,607 (1909), 271,- 
105, 272,474 (1911), 272,476 (1912), 825,662. 
339,612 (1918), 814,627 (1919); Brit. ‘ Pats. 
3,061 (1909), 10,147 (1912) ; Fr. Pat. 481,241 
(1911) ; U. S. Pats. 1,011,048 (1911), 1,079,291 
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The thiosulfate solution thus formed is eas¬ 
ily regenerated at about 35" C with the 
aid of sulfur dioxide, ordinary burner gases 
with 10 to 12 percent sulfur dioxide con¬ 
tent being satisfactory: 

2(NH4)2S203 + 3S02 

(NH4)2S,06 -f (NH4)2S406 

By alternate fouling and regenerating, the 
ammonium salt concentration of the solu¬ 
tion is gradually increased. In conse¬ 
quence, part of it is withdrawn and worked 
up by heating, which decomposes the poly- 
thionates with formation of ammonium sul¬ 
fate, sulfur dioxide, and sulfur: 

(NH4)2S306 (NH4)2S04 + SO 2 + S 

(NH4)2S406 (NH4)2S04 + SO 2 + 2S 

The sulfur is filtered off and part of it 
burned to furnish the necessary sulfur di¬ 
oxide for the process; the ammonium sul¬ 
fate solution is evaporated and crystal¬ 
lized. Though the salt thus produced is of 
excellent purity and low acidity it is likely 
to turn red on storage, owing to the pres¬ 
ence of some ammonium thiocyanate which 
is also formed in the process. 

Raschig and his coworkers deserve the 
credit for having developed the Feld proc¬ 
ess on a commercial scale after the in¬ 
ventor’s death and for having undertaken 
its scientific penetration.®^® Raschig 
pointed out that other thionates, such as 
the pentathionate, are involved; that ar- 
senites serves as catalysts in the sulfur di¬ 
oxide oxidation step; and that a ratio of 
2 NH 3 for IH 2 S is essential for a proper 
functioning of the process. Many other 
workers have stressed the scientific angle 
and have given reviews and accounts of 
practical operation.**’ ®^* 

313 Raschig, F., Z. angew. Chem.t 83, I, 260-2 
(1920). 

314 Espenhahn, E. V., J. Boo. Chem. Ind„ 36, 
483-9 (1917). Anon., Oaa Age, 42, 198-9 


In spite of the tremendous amount of 
effort and money spent on the* develop¬ 
ment of the Feld process it did not sur¬ 
vive in practice (Muhlert This was 
due primarily to the fact that the required 
ratio of 2:1 for NHa: H 2 S is seldom 
found in coal-carbonization gases. Even 
when it normally exists in the average gas, 
the fluctuations during a day are usually 
great enough to cause trouble. According 
to Funcke ®^* an excess of hydrogen sulfide 
makes for safe and satisfactory operation, 
but a deficiency brings grief. Raschig®^® 
held a contrary opinion; he thought an 
excess of hydrogen sulfide more trouble¬ 
some. He suggested making up for defi¬ 
ciencies by adding sulfur dioxide or am¬ 
monia, as the case might be. However, in 
principle, the Feld process solves the prob¬ 
lem of utilizing the sulfur of the gas for 
the production of ammonium sulfate, and 
it does it with the cheapest oxidizing 
agent: air. 

Burkheiser, the inventor of the second 
great jirocess of this group, also used sul¬ 
fur dioxide but in quite a different man¬ 
ner. His original scheme contemplated the 
following. Hydrogen sulfide and cyanogen 
are first removed from the gas by normal 
dry-box purification with hydrated iron 
oxide. The fouled oxide is revivified in 
situ with so much air that the iron sulfide 
is oxidized to sulfur dioxide which is ab¬ 
sorbed in ammonium sulfite liquor to form 
a mixture of sulfite and bisulfite. This so¬ 
lution in turn is used to absorb ammonia 
from the gas, re-forming ammonium sulfite. 
When the salt concentration has reached 

(1918) ; Qinie civil, 148, 169 (1918). Sander, 
A., Chem.-Ztg., 41, 657-9 (1917) ; J. Gaahe- 
leucht., 62, 65-8 (1919). Foerster, F., and Hor- 
nig, A., Z. anorg. allgem. Chem., 126, 86-146 
(1922). Funcke, W., OlUokauf, 60, 886-40, 
868-76, 897-905 (1924); Qaa- u. Waaaerfach, 
68. 888-90, 402-5, 417-20, 483-5 (1925). Ter- 
res, E., and Overdick, F., ibid., 71, 49-58, 81-6, 
106-10, 130-6 (1928). 
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saturation, solid salt is precipitated during generated oxide by means of ammonium 


the ammonia-absorption stage and is re¬ 
moved by centrifuging. This salt, how¬ 
ever, is not pure ammonium sulfite but, 
according to Torres and Heinsen,**^® con¬ 
tains varying amounts of ammonium sul¬ 
fate, because, besides sulfur dioxide, the 
trioxide is formed in burning the fouled 
oxide mass, and because the gas always 
contains some oxygen, which readily oxi¬ 
dizes sulfite to sulfate. To heli) along this 
last reaction the centrifuged salt is treated 
in ,a rotating drum with hot air, or it is 
left to oxidize at room temperature, a proc¬ 
ess which may take several weeks. As it 
comes from the centrifuge the salt is com¬ 
posed of 2 parts sulfate and 1 part sulfite 
and was said by Wieler®^^ and others to 
be entirely satisfactory as a fertilizer. 
Descriptions of this original Burkheiser 
process are given by several investiga¬ 
tors."*' 

The first difficulty arose from the oxida¬ 
tion of the fouled oxide mass, because the 
high temperatures involved caused rapid 
loss of activity. To overcome this defect, 
Burkheiser®^® proposed the use of an iron 
oxide suspension, filtration of the sulfide, 
careful oxidation to oxide and free sulfur, 
separation of the free sulfur from the re- 

815 Torres, E., and Heinsen, A., i&id., 70, 
1167-61, 119a-7, 1217-20 (1927). 

818 Wieler, A., Deut. landw. Presse, 89, 847 
(1912). Anon., Saaten Diinger u. Futtermarkt, 
1911, 219-20; J. agr. prat., 21, 300-1 (1911) ; 
Bettvrave, 21, 103-4 (1911) ; Expt. 8ta. Record, 
25, 328 (1911) ; Ghem. Aha., 6, 789 (1912). 
Lewis, A. H., and Marmoy, F. B,, J. Agr. 8ci., 
23, 1-5 (1933). 

817 Bertelsmann, W., Chem.-Ztg., 34, 986-9 
(1911). Wolffram, H., J. Oaaheleucht., 54, 
323-9, 299-305 (1911) ; Z. angew. Chcm., 24, 
513-4 (1911). 

818 Moon, P. G. Q., Oaa J., 188, No. 3472, Inat. 
Gaa. Engra. Suppl., 45-52 (1929) ; Trana. Inat. 
Gaa Engra., 79, 294-304 (1929-30). 

819 Burkheiser, K., 8 th Intern. Congr. Appl. 
Ghent., 10, 63-77 (1912) ; Ghem. Aha., 0, 3006 
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sulfide, recovery of sulfur from the ammo¬ 
nium sulfide by heating, and oxidation of 
the sulfur to sulfur dioxide. Detailed ac¬ 
counts of this newer version of the process 
were given by the inventor^s brother 
and others.^^' Torres and Hahn,®^^ 

after studying the factors underlying the 
Burkheiser process, came to the conclusion 
that it was theoretically sound and work¬ 
able. They gave data on the partial pres¬ 
sures of ammonia and sulfur dioxide over 
various solutions of ammonium sulfite at 
various temperatures. 

Burkheiser extended and modified his 
process in various respects. For instance, 
he realized the disadvantage of producing 
ammonium sulfite, and therefore proposed 
to send the sulfur dioxide through a cata¬ 
lyst chamber to convert it to sulfur triox¬ 
ide. The ammonia removal would then be 
carried out with a solution of ammonium 
sulfate-ammonium bisulfate, and the solid 
salt eventually produced would be pure 
ammonium sulfate. Ammonium thiocy¬ 
anate made in his process he proposed to 
hydrolyze to ammonia, which would boost 
the overall ammonia yield of the coke 
plant by about 10 percent. A study of 
his many patents is suggested for fur¬ 
ther details. Several patents to other in¬ 
vestigators cover a number of minor de¬ 
tails; they are merely referred to®-® here. 
Two papers are worth mentioning, although 

820 Burkhei.ser, W., Qaa- u. Waaaerfach, 69, 
765-71 (1926), 70, 943-5 (1927). 

82 J TerroH, E., and Hahn, E., ihid., 70, 309-12, 
3.39-43 (1927). 

322 Burkheiser, K., Ger. Pats. 212,209 (1907), 
216,907, 217,316 (1908), 223,71.3, 225,461, 236,- 
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Pat. 973,164 (1910) ; Brit. Pat. 15,877 (1910). 

823 Wolf, P., U. S. Pat. 994,485 (1910). 
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they are not directly connected with the 
Burkheiser process. Ishikawa and Mu- 
rooka®^* made an extensive physicochem¬ 
ical study of ammonium sulfite. They de¬ 
termined its solubility over a wide temper¬ 
ature range, the equilibrium in the system 
(NH 4 ) 2 S 03 -(NH 4 ) 2 S 04 -H 20 , the equilib¬ 
rium in the system SO 2 -NH 3 -H 2 O, and the 
heats of solution of ammonium sulfite and 
bisulfite. Shokin, Egorkin, and Khaito- 
vich® 2 ® determined the vapor pressures of 
the components over the system SO 2 -NH 3 - 
H2O. 

The one problem arising from the Burk¬ 
heiser process which has received more at¬ 
tention than any other is the conversion 
of sulfite and bisulfite to sulfate. This is 
probably because its scope extends far be¬ 
yond that of the Burkheiser scheme. Es¬ 
sentially, two reactions are involved: 
namely, the oxidation of sulfite by atmos¬ 
pheric oxygen, and the auto-oxidation of 
sulfites by means of the oxygen contained 
in sulfur dioxide. The first reaction has 
been known to analytical chemi.^ts since 
time immemorial: 

2Na2S03 + 02 -^ 2Na2S04 

the second was discovered by Barbaglia 
and Gucci in 1880: 

6NH4HSO8 

3 (NH 4 ) 2 S 04 + H 2 SO 4 + S 2 + 2 H 2 O 

Since it is strongly exothermic it often oc¬ 
curs with explosive violence. 

Burkheiser attempted the conversion 

324 Ishikawa, F., and Murooka, T., Science 
Repte. Tdhoku Imp, Univ., 1st Ser., 23, 201-10 
(1033) ; Chem. A6«., 27, 6235 (1933). 

82 B Shokin, I. N., Egorkin, I. M., and Khalto- 
vieh, M. I., J. Chem. Jnd. {V.8.S.R.), 16, No. T, 
10-16 (1938) ; Chem, Abs., 32, 9409 (1938). 

326 Barbaglia, G. A., and Gucci, P., Ber., IS, 
2326-6 (1880). 

327 Burkheiser, K., U. S. Pat. 1,034,974 
(1912). 


of his sulfite-sulfate mixture by heating it 
in a screw conveyor in a current of hot 
air, and Wolf®®® did it similarly except 
that he kept the salt in a moist condition 
and at a lower temperature. Stutzer ®®® re¬ 
sorted to pressure and oxidized the salt at 
a temperature at which it dissociates. Col¬ 
lett and Eckardt ®®o treated the sulfite solu¬ 
tion with pyrite burner gases containing 
sulfur trioxide, until the salt contained an 
excess. Danneel and Kuhn®®^ employed 
calcium sulfate as a catalyst to accelerate 
the oxidation of sulfite solutions and to 
prevent loss of ammonia. The I. G. Farb- 
enindustrie did a great deal of work on 
the subject, exclusively on solutions. Evap¬ 
oration was avoided by adding more salt, 
or ammonia and sulfur dioxide, to the 
mother liquor of a preceding operation.®®® 
The explosion hazard was overcome by 
passing the sulfite-bisulfite solution through 
a pipe-still at 150 to 180® C, so that only 
small amounts of material were in the dan¬ 
ger zone at any one time,®®® or by using 
catalysts, sulfur, selenium, tellurium, or ar¬ 
senic, which lower the reaction temperature 
so much (60 to 90® C), and equalize the 
reaction rate to such an extent, that it can¬ 
not become violent.®®‘‘ Reaction with air 
or oxygen was carried out under pressures 
as high as 20 atmospheres, and in the pres¬ 
ence of the catalysts iron, manganese, plat- 

S28 Chem. Ind. A.-G. and Wolf, F., Ger. Pat. 
245,873 (1909). 

329 Stutzer, A., Ger. Pat. 255,439 (1913). 

330 Collett, E., and Eckardt, M., Brit. Pat. 29,- 
386 (1910). Collett, E., Brit. Pat. 3,123 (1913). 

331 Danneel, H., and Kuhn, E., U. S. Pat. 
1,274,247 (1918). Elektrizitatswerk Lonza, Brit. 
Pat. 105,906 (1917). 

332 BoKch. C., U. S. Pat. 1,106,919 (1914). 
Badiache Anilin und Soda Fabrik, Ger. Pat. 270,- 
574 (1912). 

333 Badiaehe Anilin und Soda Fabrik, Ger. Pat. 
270.379 (1912). Bosch, C., U. S. Pat. 1,133,086 
(1915). 

331 Bosch, C., Mittasch, A., and Heeht, L., 
U. S. Pat. 1,063,007 (1913). Badlsche AnUin 
und Soda Fabrik, Ger. Pat. 273,306 (1912). 



1066 


RECOVERY OF NITROGENOUS COMPOUNDS FROM GASES 


inum, or cerium deposited on porous car¬ 
riers of clay, firebrick, pumice, etc.**® 
Bosch of the I. G. discussed the mech¬ 
anism of the reaction and thought it ran 
via thiosulfate and polythionates, though 
the sum equation is the one given above 
for ammonium bisulfite. He suggested that 
by starting with enough neutral sulfite in 
the solution to neutralize the free acid 
formed the reaction could be made to yield 
only sulfate and sulfur. Vorlander and 
Lainau made a lengthy study of the in¬ 
fluence of various catalysts, other salts, 
acid, and alkali on the oxidation. They 
found cobalt, iron, nickel, copper, cerium, 
manganese, and vanadium to have a posi¬ 
tive effect, whereas excessive concentra¬ 
tions of H+ or OH— ions, large amounts 
of salts, and alkali sulfides have a negative 
effect. A cobalt-sulfito-ammonia complex 
salt was especially favored as a catalyst. 
Nitrogen oxides have been used as cata¬ 
lysts for the oxidation of solid sulfite or 
bisulfite salt or its solutions,®®® though 
Kachkaroff ®®® oxidized entirely with dilute 
nitric acid. Hodsman and Taylor ®*® 
worked at definite hydrogen-ion concentra¬ 
tions, using iron, manganese, copper, or 
cobalt catalysts or completing the reaction 
by electrolysis. Hori ®*^ used a saturated 
solution of ammonium sulfate as a carry- 

aa.'i MittaRch, A., and Morowitz, H,, U. S. Pat. 
1,091,284 (1914). Badische Anllhi und Soda 
Fabrik, Ger. Pats. 273,315 (1912), 276,490 

(1913). 

83«BoHch, r, Z. Elrktrochem., 24, 361 9 

(1918). 

337 Vorlander, D., and Lainau, A., J. prakt. 
Chem., 123, 351-76 (1929) ; Ger. Pat. 519,048 
(1929) ; II. S. Pat. 1,925,739 (1933). 

338 Naamlooze-VennootMchap de Batanf«che Pe¬ 
troleum Maatschapplj, Brit. Pat. 341,570 (1929); 
Fr. Pat. 707,992 (1930). 

389 Kachkaroff, P., Fr. Pat. 731,922 (1931). 

840 Hodsman, H. .T., and Taylor, A., Brit. Pats. 
350,283 (1930), 377,959 (1931) ; U. S. Pat. 
1,913,276 (1933). W. C. Holmes & Co., Ltd., 
Fr. Pat. 717,962 (1931). 

841 Hori, S., U. S. Pat. 1,888,638 (1981). 


ing medium, employing copper, nickel, or 
iron as catalyst, and kept the system under 
oxygen pressure. Von Girsewald and 
Stahl, using copper, manganese, or iron 
as catalysts, introduced a mixture of oxy¬ 
gen and sulfur dioxide into sulfite solutions, 
the gas being in an extremely fine state of 
subdivision. Sperr®*® introduced the oxi¬ 
dizing air into the lower portion of a nar¬ 
row column, 20 to 60 feet tall, which con¬ 
tained the ammonium sulfite solution. 

It has also been proposed to decompose 
the ammonium sulfite with sulfuric acid.®** 
Sulfur dioxide, thus produced in concen¬ 
trated form, presumably was to be used 
for the manufacture of sulfuric acid. Such 
a proposition would not be unreasonable 
at all for large plants with a sulfur output 
corresponding to at least 10 tons of sulfuric 
acid per day, the smallest economical unit 
for a catalytic sulfuric acid plant. After 
all, the catalytic conversion of sulfur diox¬ 
ide to the trioxide has been perfected to 
such an extent that it will always be su- 
I)erior to oxidation plans such as those out¬ 
lined abo\e. Of course, the scheme would 
be logical only where the sulfur of the gas 
is obtained in such a manner that sulfur 
dioxide of insufficient concentration for 
catalytic conversion is produced. 

Although the available literature on the 
oxidation of ammonium sulfite or bisulfite 
to sulfate is to be found mostly in patents, 
a number of scientific publications have 
also appeared. Foerster and associates 

842 MptallgeHellHchaft A.-G., von Girsewald, 0., 
and Stuhl, E., Brit. Pat. 350,050 (1930). Von 
Girsewald, C., and Stahl, E., Metallgesellachaft, 
Periodic Rev., No. 8, 8-8 (1934) ; Chem. Aha., 
28, 2877 (1934). 

848 Sperr, F. W., Jr., U. S. Pat. 1,986,899 
(1936). 

344 Verein fiir chemische und metallurglHche 
Produktlon, Fr. Pat. 712,754 (1931). 

845 Foerster, F., Lange, F., Drossbach, O., and 
Seidel, W., Z. anorg. allgem. Chem., 128, 245-842 
(1923). 
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studied the decomposition of free sulfurous 
acid, sulfites, and bisulfites to sulfate and 
sulfur. Terres and Heinsen carried out 
an investigation of the kinetics of the re¬ 
action. They found that the rate of oxi¬ 
dation markedly decreased with an increase 
of salt concentration. Temperature in¬ 
creases are without much effect on the sul¬ 
fite, but they increase the rate of bisulfite 
oxidation. No active catalysts were found; 
lead, which produced a 10 percent increase, 
was the best. The authors considered the 
Burkheiser process in the light of their 
findings. 

Volfkovich and Tzirlin®^’' calculated the 
equilibrium constants for the formation at 
various temperatures of ammonium sulfate 
from solid sulfite and the gaseous com¬ 
ponents, and they studied the oxidation of 
the solid salt and aqueous solutions with 
respect to the influence of concentration, 
temperature, air velocity, catalysts, contact 
surfaces, etc. The best working conditions 
were found to be: a temperature of 70® C, 
low concentrations, low rate of flow, and 
silica gel as active surface. Manganese, 
chromium, vanadium, selenium, and copper 
were not catalysts. Solid salt separated 
by the Cottrell i)recipitator was oxidized 
with greater difficulty than that obtained 
by the wet method. Volfkovich, Dubovitz- 
kii, and Kryuchkov oxidized ammonium 
sulfite solutions with nitrogen oxides or 
with nitric acid. The rate of oxidation 
was increased by increasing the concentra¬ 
tions of nitrogen dioxide in the gas and of 

340 Terres, E., and Heinsen, A., Oaa- u. Was- 
aerfach, 72, 904-8, 1022-6, 1060-4 (1929). 

847 Volfkovich, S. I., and Tzirlin, D. L., J. 

Chem. Ind. (V.8.8,R,), 6, 1323-32, 1403-9 

(1929) ; Chem. Aba., 24, 5942 (1930) ; Trana. 
8ci. Inat. FertiUaera {U.8.8.R.), No. 92, 78-103 
(1932) ; Chem. Aba., 27, 6809 (1933) ; Z. anorg. 
allgem. Chem., 211, 257-71 (1933). 

848 Volfkovich, S., Dubovltzkll, A., and Kry¬ 
uchkov, N., J. Chem. Ind. iU.8.8.R.), 12, 486-94 
(1085) ; Chem, Aba., 28, 6869 (1985). 


ammonium sulfite in the solution. There 
was no loss of nitrogen, but nitric oxide 
had to be recovered and recirculated. The 
optimum working temperature was from 42 
to 46® C. Kuz^min and Postnikov 
heated solutions of sulfite and bisulfite to 
form sulfate and sulfur, and found the re¬ 
action to be smooth at low temperatures 
and in any concentration. Below 200® C 
thiosulfate, polythionates, and sulfate were 
formed; above 200® C sulfur was also pre¬ 
cipitated. At 300® C sulfate and sulfur 
were formed with yields of 95 to 99 per¬ 
cent. Concentrated solutions gave greater 
yields than dilute solutions. Sulfur was 
discharged from the apparatus in molten 
form, under pressure. 

A number of other processes for the pro¬ 
duction of ammonium sulfate with utiliza¬ 
tion of the gas sulfur are more or less de¬ 
velopments of the Feld and Burkheiser 
processes, and many contain elements of 
both. The process developed by Gluud, 
Klempt, and Brodkorb,®®® which had be¬ 
come known as the Gesellschaft fiir Kohl- 
entechnik process, contemplated the fol¬ 
lowing. Ammonia and hydrogen sulfide 
are removed from the gas by scrubbing 
with an aqueous suspension of iron hy¬ 
droxide. The resultant iron sulfide slurry 
is blown with a mixture of air and sulfur 
dioxide containing burner gases, or suc¬ 
cessively by air and sulfur dioxide, whereby 
ammonium thiosulfate is formed. A solu¬ 
tion containing 30 to 35 percent of this 
salt is withdrawn continuously and decom¬ 
posed by acid according to the equation: 

3(Nll4)2S203 -h H 2 SO 4 

= 3 (NH 4 ) 2 S 04 + 4S -h H 2 O 

349 Kuz’min, L. L., Rubs. Pat. 44,232 (1985) ; 
J. Chem. Ind. iV.S.S.R.), IS, 411-8 (1936) ; 
Chem. Aba., 80, 4630 (1936). Kuz’min, L. L., 
and Postnikov, V. F., J. Chem. Ind. {U.8.8.R.), 
12 . 571-80 (1935) ; Chem. Aba., 80 , 251 (1936). 

850 Gluud, W., Klempt, W., and Brodkorb, F., 
Ber. Oea. Kohlentech., 8, 466^4 (1931). 
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Part of the sulfur is burned to sulfur di- 
oxidC; which is introduced into the iron 
sulfide slurry in the beginning of the proc¬ 
ess. 

The ammonia : hydrogen sulfide ratio of 
the gas should be adjusted to 2:1. Any 
excess of ammonia is recovered by an acid 
wash after the gas is passed through the 
system; a deficiency is made up by adding 
ammonia liquor. Hydrogen cyanide should 
be removed from the gas prior to the proc¬ 
ess, since otherwise soluble cyanides and 
thiocyanate contaminate the final product. 

The conversion of the thiosulfate to sul¬ 
fate according to the equation given above 
was discovered by Gluud and Schon- 
felder and extended to other acids, such 
as nitric and phosphoric, by Gluud, 
Klempt, and Brodkorb.^®^ By using acid 
mixtures, desirable mixed fertilizers can be 
made, such as sulfate-nitrate or sulfate- 
phosphate. The decomposition is best car¬ 
ried out at 90 to 100° C, at which tem¬ 
peratures it proceeds smoothly in about 8 
hours, with a yield of 98 percent. Higher 
temperatures increase the speed of reac¬ 
tion, 170 minutes being enough at 150° C, 
and 45 minutes at 165° C. The mechanism 
of the reaction and its velocity at different 
temperatures were investigated thoroughly 
by Gluud, Klempt, and Hill.'**"’- It was 
found to involve the formation of poly¬ 
thionic acids, so that the foregoing equa¬ 
tion is actually the sum total of a number 
of reactions. Descriptions of this interest¬ 
ing process, with cost data and plant dia¬ 
grams, are given by several investiga- 
tors,^**^' and the various details and 

351 Gluud, W., and Schdnfelder, R., ibid.y 2, 
23-5 (1926). 

352 Gluud, W., Klempt, W., and Hill, H., ibid., 
4, 203-9 (1933). 

353 Pasquin, C., Metallbiirse, 22, 1149-50 

(1932). Weittenhiller, H., GlUckauf, 74, 126-31 
(1938). RoHendahl, F., Montan. Rundschau, 30, 
No. 14, 5-7 (1938). 


modifications of the process are embodied 
in a number of patents.®®^ 

Overdick developed a modification 
based on the recognition that ammonium 
tetrathionate, the principal active agent in 
the Feld process, does not absorb hydrogen 
sulfide readily unless sufficient ammonia is 
present; this modification allows the com¬ 
plete removal of both impurities without 
the addition of foreign ammonia, if excess 
hydrogen sulfide is present. To accomplish 
this he washed the gas in several stages. 
Stavorinus gave the following descrip¬ 
tion of the process. The gas is cooled to 
25° C, thus removing tar and part of the 
ammonia, and then both hydrogen sulfide 
and ammonia are removed by washing the 
gas with i)olythionate liquor in four scrub¬ 
bers, gas and liquor moving in the same 
direction. In the first scrubber hydrogen 
sulfide is taken out to an extent of more 
than the equivalent of ammonia present; 
in the second, thionate and hydrogen sul¬ 
fide react to give free sulfur, aided by the 
addition of freshly regenerated liquor con¬ 
taining some free sulfur dioxide; the third 
scrubber receives thionate liquor with an 
addition of ammonia distilled from the pri¬ 
mary cooler condensate, and here the gas 
is freed of the last traces of hydrogen sul¬ 
fide; in the final scrubber the last ammonia 
is taken out by washing with ammonia-free 
thionate li(iuor, and the .si)ent liquor then 
goes to the first scrubber. Regenenition is 
carried out substantially as in the old Feld 
process, by heat decomposition at 120 to 
130° C. The resultant ammonium sulfate 
is separated from ammonium thiocyanate, 

364 Gluud, W., and Sch5nfelder, R., Ger. Pat. 
415,587 (1926). Klempt, W., and Brodkorb, F., 
Ger. Pat. 668,638 (1929) ; Fr. Pat. 712,467 
(1930). GeBellHchaft fiir Kohlentechnlk m.b.H., 
Brit. Pat. 362,669 (1930). 

365 Overdick, F., Z. angew. Chem., 48, 1048-51 
(1930). 

356 Stavorinus, D., Het Gas, 61, 19-20 (1931). 
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ivhicli is also formed in the process, by 
fractional crystallization. The ammonium 
thiocyanate liquor is converted to ammo¬ 
nium sulfate by autoclaving it at elevated 
temperatures with sulfuric acid. A num¬ 
ber of patents cover the process.^®^ 

Another process, developed by Hansen, 
belongs in this group. It has become 
known as the CAS process because it re¬ 
moves cyanogen, ammonia, and sulfur 
simultaneously. Koppers described it 
briefly.®®'’ In it the gas is cooled in the 
normal manner of the semi-direct process 
and is then passed through a scrubber fed 
with a sulfur slurry, which takes out hy¬ 
drocyanic acid with the formation of am¬ 
monium thiocyanate. Thereafter the gas 
is washed in .several scrubbers with a liquor 
containing iron thiosulfate, iron poly- 
thionates, the ammonium thiocyanate from 
the hydrogen cyanide scrubber, and sus¬ 
pended iron hydroxide. Ammonia obtained 
from the primary cooler liquor is added at 
proper points in these scrubbers. The final 
scrubber takes out residual ammonia by 
means of acid-regenerated liquor. 

In the main washing operation, iron thio¬ 
sulfate and iron polythionates take out 
ammonia and hydrogen sulfide in the ratio 
of 2:1. Any excess hydrogen .sulfide is 
taken care of by the iron hydroxide con¬ 
tained in the liquor, which is indeed put 
there for that purpo.se. As a result of 
these reactions the spent liquor contains 
ammonium thiosulfate, iron sulfide, and 
free sulfur. 

Part of the reaction mixture is allowed 
to settle, the clear liquor is treated with 
sulfur dioxide, and is then heated in a 
chromium-nickel steel autoclave at about 

s.".? IIiinHen, C., Ger. Pat. 476,382 (1927). I. G. 
Farbenlndustrle A.-G., Fr. Pat. 666.131 (1928). 
Overdh-k, F.. G»*r. Pat«. 558.494 (1930), 576,162 
(1933) ; tJ. S. PatH. 1.868,843 (1932), 1,984,757 
(1934) ; Can. Pats. 278,558, 284,390 (1928). 

858 Koppers, H., Gas J., 188, 648-4 (1929). 


180® C, whereby the components are con¬ 
verted to ammonium sulfate, sulfur, and 
carbon dioxide (the last from the thio¬ 
cyanate). The sulfur is run off in molten 
form, and the 60 percent ammonium sul¬ 
fate solution is concentrated in vacuum 
evaporators. 

The settled sludge from the first part 
of the spent liquor is added to the second 
part, which is treated with sulfur dioxide 
in order to dissolve iron sulfide as thio¬ 
sulfate and polythionate. Undissolved sul¬ 
fur is filtered off. 

A third part of the spent liquor is treated 
with air, whereby iron sulfide is oxidized 
to iron hydroxide and sulfur. This slurry 
is added to the filtrate from the second 
part, and the mixture is used again as a 
scrubbing liquor in the gas-purification 
process. 

Because of the complete recovery in this 
process of cyanogen in the form of ammo¬ 
nium sulfate, the yield of the latter is in¬ 
creased by 8 to 15 percent, depending on 
the cyanogen content of the gas. However, 
this very conversion of thiocyanate seems 
to have increased the difficulties tremen¬ 
dously. The original Feld process already 
was handicapped by severe corrosion, 
w^hich became even more severe in the 
CAS proces.s and finally put it out of ex¬ 
istence. At lea.st, Muhlert has stated 
that it did not survive in practice. 

The autoclaving process employed in the 
conve-'sion of the spent liquors to ammo¬ 
nium sulfate was well worked out. Han¬ 
sen, Hiller, Voituret, and Ziineckel ®®® have 
reported on its scientific aspects. They 
also have mentioned a method of decompo¬ 
sition which is strongly reminiscent of the 
one used by Gluud and Schonfelder,®®^ de¬ 
scribed above, except that two moles of 

859 Hansen, C. J., Hiller, Q., Voituret, K.. and 
Zuneckel, K., Angew, Chem. 45. 647-50 (1932>. 
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acid are used instead of one. Harnist*®° 
has given an even better account, treating 
the behavior of the individual polythionic 
acid salts and of thiocyanate separately. 
Hansen and Hiller*®^ have described the 
various reactions available for the conver¬ 
sion of the ammonium thiocyanate formed 
in the process to ammonium sulfate. 

Few descriptions of the technical aspects 
of the CAS process other than the one by 
Koppers are available in literature. 
Salmony®®2 has mentioned it briefly and 
with little detail. Smith®®® reviewed it, 
largely in the light of British conditions, 
and came to the conclusion that, though 
technically entirely sound and workable, it 
is too complicated, and requires too much 
technical supervision, to be suitable for 
British practice. Fieldner®®^ has given a 
short description of it. Hansen, Werres, 
Hiller, and Voituret®®® have given some 
general information about its chemistry, 
and Harnist ®®® has disclosed details of ap¬ 
paratus construction. 

The patent picture is rather confused be¬ 
cause such a large number of patents were 
taken out on all angles of the process, and 
because for a while Hansen seems to have 
worked together with Overdick (see above) 
on processes which might well have been 
the forerunners or parts of the Overdick 
as well as of the CAS process. For this 
reason they are all grouped together here 
for the study of those who seek greater 
detail.®®® Their very number betrays the 

860 Harnist, C., Compt. rend., 186» 1800-2 
(1933) ; Angew. Chem., 46, 464-7 (1933). 

861 Hansen, C. J., and Hiller, O., ibid., 46, 
681-4 (1932). 

362 Salmony, A., Chem.-Ztg., 53, 909-10 (1929). 

868 Smith, E. W., Oaa J., 188, 767-8 (1929). 

seiFieldner, A. C., U. 8. Bur. Mine», Repts. 
Investigations 3078 (1931), 13 pp. 

365 Hansen, C. J., Werres, H., Hiller, G., and 
Volturet, K., Chem.-Ztg., 67, 861-3, 382-3 (1938). 

366 Hansen, C., Ger. Pats. 504,640, 523,678, 

524,792, 526,079, 527,220 (1926), 476,382 

(1927) ; Can. Pats. 278,658, 284,390 (1928) ; 


many difficulties encountered. Some of the 
patents included in this group seem to be 
attempts to make the Burkheiser process 
more workable; others are almost hybrids 
of the Feld and Burkheiser processes. 

A real step forward in the simultaneous 
recovery of ammonia and sulfur from gas 
was made by Bahr. He proposed to oxi¬ 
dize catalytically the hydrogen sulfide con¬ 
tained in the gas, so that the sulfur diox¬ 
ide thus formed could combine with the 
ammonia in the gas. According to the in- 
ventor^s earliest descrii)tion ®®^ the cnide 
gas was cooled to remove water and some 
tar, and it was then passed through an 
electrical tar separator. Ammonia and hy¬ 
drogen sulfide from the ammonia liquor 
were returned to the gas. The gas was 
preheated; some air was added; and then 
it was passed over a catalyst which con¬ 
verted the hydrogen sulfide to sulfur diox¬ 
ide and the hydrocyanic acid to ammonia. 
Since the reaction is exothermic, no extra 
heat need be supplied, heat exchangers be¬ 
ing freely used. When the gas was cooled 
in a water cooler, much of the ammonium 
sulfite was deposited. The remainder was 
taken out by a Cottrell precipitator. The 
old problem faced by Burkheiser, namely, 
the oxidation of ammonium sulfite to am¬ 
monium sulfate, was circumvented by a 

Pr. Pats. 661,507, 662,709 (1928), 674,187 

(1929) ; U. S. Pats. 1.795,120-1, 1,826,779 

(1931), 1,840,579, 1,843,224, 1,852,160-1, 1,854,- 
511, 1,878,982, 1,885,035, 1,889,894 (1932), 1,894,- 
252, 1,932,819 (1983), 1,953,478, 1,957,266, 

1,957,266-8, 1,968,682, 1,979,934 (1934). I. G. 
Farbenindustrie A.-G., Brit. Pats. 285,999 
(1926), 601,208 (1939) ; Fr. Pat. 725,926 

(1931). H. Koppers A.-G. and Hansen, C. J., 
Ger. Pats. 607,396 (1926), 613,963, 636,428 

(1927), 504,777, 557,989 (1928), 688,892, 545,- 
829 (1929), 556,519 (1930), 652,289 (1931), 
576.168 (1933). H. Koppers A.-G., Brit. Pats. 
299,302, 299,766, 301,061 (1927), 816,278 

(1928), 309,565, 310,549, 311,725, 814,972 

(1930), 356,739 (1931) ; Fr. Pat. 689,983 (1930). 

367 Bfthr, H., Gas- u. Wasserjaoh, 71, 109-78, 
204-11 (1928). 
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proposal to oxidize it catalytically, in the 
vapor phase, to a mixture of nitric and sul¬ 
furic acids.'*®* In a later paper,*®* Bahr 
gave a great deal of detail on a pilot-plant 
and on a large-scale installation, as well as 
numerous illustrations and cost balances. 
He pointed out that the oxidation of hy¬ 
drogen sulfide to sulfur dioxide is possible 
with certain catalysts and great gas veloci¬ 
ties, without burning any hydrogen. The 
hydrogen cyanide is hydrolyzed to ammo¬ 
nia and carbon dioxide, the reaction being 
comjdete if the dew point of the gas is at 
least 40*’ (\ If there is an excess of hy¬ 
drogen sulfide over the amount j)erinitted 
by the ratio 1 : 2, some is first washed out 
with an aqueous sulfite-bisulfite solution, 
or the gas stream is divided into two parts, 
one going through the catalyst and the 
other being washed with the sulfite-bisul- 
fite mixture obtained from the first gas 
branch. Conversely, if there is an excess 
of ammonia in the gas some outside sulfur 
dioxide is added. The salt concentration 
in the process was taken to 50 to 60 per¬ 
cent, whereupon the solution was either 
worked up by treatment with various acids 
to produce different fertilizers, or after 
acidification was heated at about 130° C 
in a bath of liquid sulfur to yield sulfate 
and sulfur. The addition of air to the gas 
may be a drawback, since about 5 percent 
of nitrogen is introduced thereby. 

A large number of patents cover the in¬ 
teresting process.*"® A study of them re- 

3«sBUhr, H., Oer. Pat. 666,947 (1927). 

3fi9Bahr, H., Chem. Fahrik, 11, 10-20 (1938). 

370 Btthr, H., and F. Siemens A.-G., Brit. Pat. 
268,024 (1925). BUhr, H., Ger. Pats. 510,488 
(1925), 667,631 (1926), 538,435 (1927), 636,719, 
546,627 (1928), 661.569 (1929), 670,243 (1930), 
575,134, 676,137, 587,797 (1933), 641,400 (1937) ; 
Fr. Pat. 609,931 (1926) ; U. S. Pats. 1,889,942 
(1932), 2,152,454 (1939). F. Siemens A.*G., 
Brit. Pat. 276,347 (1926) ; Fr. Pat. 639,693 
(1927). I. G. Farbeniudiistrie A.-G., Brit. Pats. 
310,063 (1927), 319,396 (1928), 351,975 (1929), 
469,452 (1937) ; Fr. Pats. 669,421, 38,066 (1929), 


veals that the original thought of produc¬ 
ing only solid ammonium sulfite seemingly 
was not practical, as a scrubbing with thio¬ 
sulfate, sulfite-bisulfite, or polythionate so¬ 
lution was used. Thus the solution finally 
worked up for the production of solid salt 
contained sulfate, sulfite, bisulfite, thiosul¬ 
fate, and polythionates. A great deal of 
effort was expended on finding the proper 
catalyst for the reaction. There are cited 
in the various patents the following ele¬ 
ments: iron, nickel, copper, cobalt, man¬ 
ganese, zinc, lead, silver, bismuth, tin, 
tungsten, vanadium, chromium, molyb¬ 
denum, carbon, boron, silicon, titanium, 
sulfur, selenium, tellurium, aluminum, alka¬ 
line-earth metals, and active carbon. Gen¬ 
erally two or three elements were used to¬ 
gether. 

Short descriptions of the Bilhr process, 
also known as the Katasulf process, have 
been given by Muhlert and Lorenzen,*^^ 
but Biihr’s own papers ®®^» ®®* are so excel¬ 
lent that their study suffices. 

As a matter of historical interest a pro¬ 
posal should be cited here which has a 
certain relation to the Bahr process inas¬ 
much as it treats the gas directly to form 
ammonium sulfate from the gas com¬ 
ponents, though it does not employ cata¬ 
lysts. Mackenzie *^* suggested treating 
moist coke-oven gases with nitrogen oxides 
in order to oxidize the hydrogen sulfide to 
sulfur trioxide, which would form ammo¬ 
nium sulfate with the ammonia of the gas. 
Quite obviously, this scheme would be 
neither. practical nor economical, since 
other gas components would be attacked, 

699,574 (1930) ; Ger. Pat. 634,427 (1936). 

BBhr, H., and Wietzel, G., Ger. Pats. 526,066 
(1927), 529,110 (1929). 

371 Muhlert, F., Brennatoff-Chem., 10 » 487-90 
(1929). I/orenzen, G., Z. angew, Chem., 42, 
768-73 (1929). 

872 Mackenzie, J., Brit. Pat. 10,069 (1914); 
U. S. Pat. 1,166,753 (1915). 
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and nitric oxides are too expensive as oxi¬ 
dizing agents. 

Much more reasonable are modem pro¬ 
posals to isolate the hydrogen sulfide from 
the gas and convert it in the usual man¬ 
ner to sulfuric acid. For coke plants of 
sufficient size this would, no doubt, be en¬ 
tirely feasible, and would constitute the 
happiest solution of the whole problem of 
joint recovery of gas sulfur and ammonia. 
Inasmuch as a contact sulfuric acid plant 
of 10 tons’ daily capacity is an economical 
unit, a comparatively large number of coke 
plants in the United States would be eli¬ 
gible for such a scheme. According to a 
private communication,®^® a coke plant of 
the Pittsburgh district washes the gas with 
an alkaline aqueous solution, expels the hy¬ 
drogen sulfide from the foul liquor by 
steaming under vacuum, burns the hydro¬ 
gen sulfide to sulfur dioxide in a regular 
sulfur burner, catalytically converts the sul¬ 
fur dioxide to the trioxide, and then uses 
the acid in the normal saturator operation. 
The sulfur-removal method in this scheme 
is the 'ffiot actification system” of Koppers 
described in Chapter 26. Biihr ®^^ followed 
the same line of attack, using solutions of 
triethanolamine, salts of amino acids, or 
alkali phenolates as the alkaline liquor for 
the hydrogen sulfide concentration step. 

AMMONIUM PHOSPHATES 

Although ammonia is practically always 
recovered from gas as the sulfate, the pro¬ 
duction of other salts has not been totally 
neglected. Several attempts in that direc¬ 
tion have been related. Inasmuch as the 
main use for byproduct sulfate was in the 
fertilizer industry, it was natural to think 
of combining ammonia with superphos- 

873 The Koppers Co., Pittsburgh, Pa. 

874 Bahr, H., U. S. Pat. 2,045,747 (1036), Ger. 
Pat. 672,414 (1939). I. G. Farbenindustrie 
A. G., Fr. Pat. 767,745 0933). 


phate, an acidic fertilizer material. In this 
way sulfuric acid would serve the double 
purpose of converting natural phosphate 
rock into available phosphate and binding 
ammonia of the gas. Later investigators 
went a step further and also tried to utilize 
the waste gypsum contained in superphos¬ 
phate. Others went in the opposite direc¬ 
tion, converting the rock phosphate com¬ 
pletely to phosphoric acid and producing 
regular ammonium phosphate. That there 
is enough acidity in superphosphate to 
bind all the ammonia produced in coal car¬ 
bonization is evident from the statement 
by Baumann®^® that 60 percent of the 
world’s production of sulfuric acid is used 
in the manufacture of superphosphate, and 
only 16 percent for ammonium sulfate. 

The earliest i)roposal was made by Bol¬ 
ton and Wanklyn,®^® who merely added 
superphosphate to ammonia liquor and 
evaporated the slurry. Bolton and Wank- 
lyn ®^^ passed tar-free gas over super¬ 
phosphate in dry boxes. Bunte investi¬ 
gated this i)rocess thoroughly on a plant 
scale and came to the conclusion that, if 
properly carried out, it is entirely feasible, 
shows no disadvantages in the operation of 
the gas plant, and yields a higher return for 
the ammonia than when the ammonia is in 
the form of gjis liquor. The product ana¬ 
lyzed 7.5 percent ammonia and 0.46 percent 
thiocyanate. Gerlach,®^® in a lengthy pa¬ 
per on the ammoniation of super])hosphate, 
gave a detailed analysis, and pointed out 
that, owing to the presence of gypsum, the 
end product contains calcium phosphate 
and ammonium sulfate. However, the cal- 

375 Baumanti, J., Chem.-Ztg., 44» 346-7 (1920). 

370 Bolton, F. J., and Wanklyn, J. A., Brit. 
Put. 6,173 (1880). 

377 Bolton, F. J., and Wanklyn, J. A., Ger. 
Pat. 36,788 (1882). 

878 Bunli‘, H., J. OasheleuGht., 35, 282-7 

(1882) ; IHnglern Polytcch. J., 245, 40-2 (1882). 

379 Garlarli, IJ., Z. angeto. Chem.^ 20, I, 13-4. 
18-20 (1916). 
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cium phosphate is in a form which, though 
not water-soluble, is soluble in water satu¬ 
rated with carbon dioxide. Fertilizing tests 
showed that the product is superior to 
physical mixtures of calcium phosphate and 
ammonium sulfate. 

Jacob, Hill, Ross, and Rader®*® investi¬ 
gated the chemical composition of citrate- 
insoluble residues from superphosphates 
and ammoniated superphosphates, and 
came to the general conclusion that ammo- 
niation decreases the solubility in < neutral 
citrate solution. Keenen,®*^ on the other 
hand, contended that practically no rever¬ 
sion of phosphate to the insoluble form oc¬ 
curs, provided that the amount of ammo¬ 
nia used does not exceed one mole per 
mole of water-soluble phosphate. With 
more than two moles ammonia there is 
formed a mixture of diammonium phos¬ 
phate, ammonium sulfate, calcium sulfate, 
and tricalciumphosphate. Luckmann ®®- 
reviewed various methods for the ammonia- 
tion of superphosphate. His data showed 
that the fixation of an increasing amount 
of ammonia converts an increasing amount 
of soluble phosphate to the insoluble form. 
In spite of this he was of the opinion that 
the savings effected are often more impor¬ 
tant than the tendency to render the phos¬ 
phates less immediately available. 

A considerable number of patents were 
taken out in this field. Some of them 
merely provide suitable apparatus; others 
cover details of the process. Some start 
from superphosphate of special composi¬ 
tions; others utilize mainly the gypsum 
portion of it, or, to avoid reversion to in¬ 
soluble phosphate, they c.'ircfully regulate 

380 Jacob, K. D., Hill, W. L., Uobh, W. H., and 
Rader, L. F., Jr., Ind, Eng. Chem., 22, 1385-92 
(1930). 

381 Kccnen, F. G., ibid., 22. 1378-82 (1930). 

882 Luckmann, H., Kunatdtingcr u. Leim, 32, 

181-3, 166-7, 199-202, 235-8 (1936) ; Chem.' 
AU., 28, 8206 (1936). 


the amount of ammonia added. When util¬ 
ization of the gypsum part is desired there 
must be added carbon dioxide besides the 
ammonia, and we then are dealing with 
processes such as were outlined above un¬ 
der ammonium sulfate manufacture. These 
patents are referred to for special study.®*® 

Other investigators went a step beyond 
superphosphate and utilized phosphoric 
acid itself. Caro and Scheele ®** made 
crude phosphoric acid containing some ex¬ 
cess sulfuric acid, and used it for the pro¬ 
duction of ammonium phosphate contain¬ 
ing 20 to 25 percent ammonia and 40 to 45 
percent phosphoric acid in soluble form. 
Thau referred to a process by Pease in 
which three moles of sulfuric acid were 
used to bind six moles of ammonia and 
thus to make two moles of soluble phos¬ 
phate. This would mean that actually tri¬ 
ammonium phosphate was made from phos¬ 
phoric acid first produced from phosphate 
rock. 

Direct treatment of phosphate rock has 
also been attempted.®*® The process con¬ 
templated converting an aqueous suspen¬ 
sion of the ground rock with carbon diox¬ 
ide and ammonia. If it is workable, and 
if Baumann’s®^® figures are correct, this 
process would have a profound effect on 

383 Grahn, B., and Bunte, H,, Ger, Pat. 47,601 

(1889). Galliot, M. L., and Brlsget, P., Fr. Pat. 
375,792 (1907). Pease, E. L., and Tyrer, D., 
Brit. Pat. 253,572 (1925). Stockholm Super- 
fORfat Fabriks Aktiebolag, Brit. Pat. 264,867 
(1926). Stackable, B.‘ R., Brit. Pat. 293,942 
(1927). ColbjOrnsen, B., Swed. Pat., 64,885. 
Liljenroth, F. G., Swed. Pat. 67,057 (1929). 
Hagens, J. F. C., RoHenKtoin, L., and Hirschkind, 
W., U. S. Pat. 1,699.393 (1929). The Koppers 
Co. of Delaware, Fr. Pat. 728,826 (1931). 

Sperr, F. W., Jr., Brit. Pat. 394,666 (1933) ; 
U. S. Pat. 1,980,010 (1934). Harvey, K. W., 
U. S. Pat. 1,948.520 (1934), Oehine, H., U. S. 
Pat. 1,949,129 (1934). Shoeld, M., U. S. Pata. 
1,980,006-8 (1934), 2,003.660 (1935). 

384 Caro. N., and Scheele, T. E„ Brit. Pat. 
26,726 (1908). 

385 Compagnie des minea de Voooigne, Noeux 
et Drocourt, Fr. Pat. 650,109 (1927). 



1074 


RECOVERY OF NITROGENOUS COMPOUNDS FROM GASES 


the economy of every country, since it 
would save three-fourths of all the sul¬ 
furic acid now produced. Lloyd and Ken¬ 
nedy®®® treated phosphate rock with am¬ 
monium bisulfate, separated the gypsum 
formed, treated the resultant solution with 
ammonia, separated triammonium phos¬ 
phate, and then added sulfuric acid to re¬ 
form bisulfate, which was put back into the 
process. 

From the preceding discussion, it ap¬ 
pears that the production of ammoniated 
superphosphate in a coke plant might offer 
some advantages. It allows diversification 
of production to plants which hitherto 
could make only sulfate, and it should offer 
worthwhile savings, if the manufacture is 
not unduly complicated. 

AMMONIUM CARBONATES 

The utilization of the carbon dioxide of 
the gas in the recovery of its ammonia con¬ 
tent has also received a fair amount of 
attention. Though there is ample carbon 
dioxide in the average gas, the direct re¬ 
covery of ammonium carbonates has 
proved difficult, owing to the high vapor 
pressure of these salts with respect to their 
components. One method, in which the 
gas is cooled to low temperature, has been 
referred to in connection with the indi¬ 
rect ammonia-recovery process. Another 
method was described by Key and Eth¬ 
eridge.®®^ The ammonia from all the gas 
was concentrated info one fraction; this 
fraction was detarred, then enriched by 
distilling into it the ammoniacal liquor pro¬ 
duced from the whole of the gas, and the 
mixture was passed through a saturated 
solution of ammonium bicarbonate. Only 
gases containing more than 1.6 percent car- 

3fto Lloyd, S. J., and Kennedy, A. M., U. S. 
Pat. 1,816,051 (1931). 

387 Key, A., and Etheridge, A. H., Oaa World, 
99, 426-7 (1933) ; Oat J., 204, No. 8676, In at. 
Oat. Engrt. Supply 4-5, 44-54 (1933). 


bon dioxide could be treated in this man¬ 
ner. 

By far the best method for the produc¬ 
tion of ammonium bicarbonate employs 
ammonia liquor as a starting material. It 
is first converted into concentrated ammo¬ 
nia liquor, which is then neutralized with 
carbon dioxide obtained in the distillation 
of the weak liquor. Solid bicarbonate is 
thus precipitated and is recovered in the 
usual manner by centrifuging. A survey 
of the literature and details of the process, 
which was largely worked out by Gluud 
and his associates, is to be found in Gluud 
and Jacobson’s book,^® in one of Gluud’s 
papers,®®® and in Chapter 32 of this book. 

The process has been in operation in a 
German coke plant since the early ’20’s 
and has given entire satisfaction. The 
value of ammonium bicarbonate as a fer¬ 
tilizer has been established beyond reason¬ 
able doubt, and it offers some advantages 
over other fertilizers, inasmuch as it adds 
valuable carbon dioxide to the soil instead 
of the ballast sulfuric acid.®^®' ®®®' ®®®. Nev¬ 
ertheless, it has not been widely adopted, 
probably because it loses ammonia even at 
room temperature. Proper packaging min¬ 
imizes the loss considerably, but neither it 
nor treatment of the salt with waxes, res¬ 
ins, or other salts would seem to overcome 
this fault entirely.®®® In the past this loss 
of ammonia might easily have been serious 
and even prohibitive, but with relatively 
cheap synthetic ammonia available condi¬ 
tions are quite different. The price of am¬ 
monia is down to such a low level that the 
loss of some of it in storage and shipment 
does not matter much. Often it should be 
cheaper to use the carbon dioxide of the 

388 Gluud, W., Ber. Oet. Kohlentech., 1, 127- 
.51, 320-44 (1022). 

389 Bosch, C., Z. angcw. Chem., 81, Pt. 3, 654 
(1918). Rcinau, B., Ohem.-Ztg., 48, 449-51, 
469-72, 489-91 (1919). 

890 Gluud, W., ibid., 46, 693-7, 716-7 (1922). 
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gas as an acid component and lose some 
of the ammonia than to buy sulfuric acid 
and save it all. 

There is another angle to the production 
of ammonium bicarbonate: it offers the 
chance to produce urea, the concentrated, 
ideal nitrogen fertilizer, by the reactions 
NH 4 HCO 8 -> NH 4 CO 2 NH 2 (NH 2 ) 2 C 0 . 
Although urea so far has been produced 
only by large chemical manufacturers, there 
is no reason why it could not be made in a 
coke plant of sufficient size. Some litera¬ 
ture on this subject is to be found in Giuud 
and Jacobson’s handbook.^^ 

A number of older proposals for the 
manufacture of ammonium carbonate from 
ammonia liquor and from salts such as 
ammonium chloride and sulfate have only 
historical interest. They are ably pre¬ 
sented by Lunge-Kohler.** 

AMMONIUM CHLORIDE 

Ammonium chloride is another salt of 
considerable importance, particularly since 
it is invariably produced in the coking of 
coal. Damon stated that for each 0.1 
percent chlorine in coal (English coals 
range from 0.002 to 0.355 percent chlorine) 
there is produced 3.37 pounds of ammo¬ 
nium chloride per ton of coal; this amount 
is equivalent to about 25 percent of all the 
ammonia produced from the coal. Some 
coals, like those of the Saxony district in 
Germany, show a particularly high chlo¬ 
rine content, as much as 15 times that of 
a normal coal,* and it exists in the coal 
largely in the form of sodium chloride. 
Several investigators have tried to increase 
the natural production of ammonium chlo¬ 
ride by mixing chlorides with the coal be¬ 
fore coking. Ostwald added magnesium 
or calcium chloride and rei)orted a quanti- 

891 Damon, W. A., Ann. Rcpt. Alkali dc. 
Works, 1929, 66 . 21-8 (1980) ; Chem. Abs., 24, 
4611 (1980). 


tative recovery of the ammonia as chloride. 
Christenson and Hedman^®^ closely fol¬ 
lowed Ostwald but used chiefly common 
salt. They recovered the ammonium chlo¬ 
ride either by water washing or, in dry 
form, by cooling the distillation gases to a 
temperature just above that at which the 
water and other vapors condense. Such a 
practice could be of value if the coking 
and byproduct equipment were not af¬ 
fected, and if the quality of the coke were 
not decreased. The problem may be 
worthy of further study. 

The ammonium chloride naturally pro¬ 
duced in coking operations is recovered 
directly only in the Brunck and Otto di¬ 
rect ammonia-recovery processes. There it 
contaminates the ammonium sulfate, and 
Otto®®® attempted to obtain it from the 
saturated liquor by fractional crystalliza¬ 
tion. It was said to be obtained in an al¬ 
most pure state. 

More frequently, however, ammonium 
chloride is obtained from the ammonia liq¬ 
uors i)rt)duced in the semi-direct and in¬ 
direct processes. Attention has already 
been drawn to the interesting indirect re¬ 
covery described by Tramm.^®® Other 
processes which contemplate repeated cir¬ 
culation of ammonia liquor through the 
collecting main are described in Chapter 32. 

Production of ammonium chloride in the 
manner in which ammonium sulfate is 
made, i.e., by scrubbing the gas with hy¬ 
drochloric acid, has not been favored in the 
past. The reasons probably are the high 
cost of the acid compared with that of sul¬ 
furic acid, the greater difficulty of handling 
it, and the corrosiveness of the acid and 
its ammonia salt. It was proposed by 

392 Christenson, O. L., and Hedman, B. A., 
Brit. Pat. 159,817 (1921). 

398 C. Otto & Co. O.m.b.H., Ger. Pat. 239,997 
(1910) ; Ger. Appl. O. 7042 (1911). 



1076 


RECOVERY OF NITROGENOUS COMPOUNDS FROM GASES 


Main and Galbraith®®^ in 1884 and was 
taken up again in 1938 by Hetericb,®®® of 
the I. G. Farbenindustrie, who proposed 
the use of solutions containing less than 
5 percent, and preferably about 2 percent, 
of the acid. In this dilution, losses of the 
volatile acid can probably be avoided. 

Attempts to use common chlorides such 
as magnesium and calcium chloride for di¬ 
rect recovery of ammonia from the gas ap¬ 
parently have not led anywhere. Mond 
suggested such a method, but his plants 
actually used sulfuric acid, and Nigge- 
mann flatly asserted that it was not 
feasible. 

The employment of the Solvay process 
for the production of ammonium chloride 
in coke plants has assumed some impor¬ 
tance, i)articularly the modification intro¬ 
duced by Gluud and Lopmann. Since these 
processes have to start from strong am¬ 
monia liquor, or from ammonium bicar¬ 
bonate, they are described in Chapter 32. 
A good description and literature survey is 
also to be found in Gluud and Jacobson’s 
handbook,^- and other appraisals of am¬ 
monium chloride production by the soda 
process are to be found in papers by Bid- 
dulph-Smith and Freitag.*®^ 

Conversion of ammonium sulfate to clilo- 
ride by double decomposition with alkali 
chlorides has been practiced off and on, 
especially in semi-direct coke plants. Be¬ 
cause of the ability of ammonium chloride 
to sublime, either the wet or the dry 
method can be used. The wet method was 
common in the past, but the dry has 
gained in favor. 

Naumann®®® used an excess of sodium 

394 Main, R., and Galbraith, W., Brit. Pat. 
10,448 (1884). 

395 Heterich, A., Ger. Pat. 663,570 (1938). 

396 Niggemann, H., Gee, Ahhandl. Kenntnis 
Kohle, 1, 289-90 (1915-6). 

307 Freitag, R., Ind. Eng. Chem., 24, 1235-7 
(1932). 

898 Naumann, E., Ger. Pat. 196,260 (1908). 


chloride and such concentrations that the 
final hot liquor contained less than 75 parts 
of ammonium chloride per 100 parts of 
water. A solution of 80 parts ammonium 
sulfate in 100 parts water was stirred at a 
temperature of at least 70° C with an ex¬ 
cess of finely ground salt. After 1 to 2 
hours the solution was separated from the 
solid phase and cooled to room tempera¬ 
ture, whereupon ammonium chloride crys¬ 
tallized out. The mother liquor was re¬ 
turned to the process. Freeth and Cock- 
sedge ®®® used equivalent quantities of am¬ 
monium sulfate, worked at 103° C, filtered 
off the sodium sulfate formed, and cooled 
to 30° C to separate pure ammonium chlo¬ 
ride. Schmidtborn and Harnish'‘“® started 
from ammonium sulfate and potassium 
chloride. The solid potash salt was intro¬ 
duced into a boiling solution of ammonium 
sulfate, and the potassium sulfate formed 
was filtered off while hot. Ammonium 
chloride of 98 to 99 percent purity was 
finally obtained by fractional crystalliza¬ 
tion. Dominik made a study of the re¬ 
action and came to the conclusion, on ex¬ 
perimental and theoretical grounds, that a 
proportion of 69 parts ammonium sulfate, 
61 parts sodium chloride, and 100 parts 
water and a temperature of 60° C would be 
the best conditions for a successful conver¬ 
sion. Freitag,®®^ in his critical survey of 
ammonium chloride manufacture, stated 
that in the Freeth and Cocksedge process 
the solution must not be cooled below 
39° C if contamination with sodium sulfate 
is to be avoided, since 33° C is the tran¬ 
sition point of anhydrous sulfate to Glau¬ 
ber’s salt. He gave an exact procedure, 
which was said to yield an ammonium 

899 Fm'th, F. A., and CockHedge, H. E., Brit. 
Pat. 26,263 (1909) ; Ger. Pot. 226,108 (1910). 

400 Sclimidtborn, T. H., and Harnish, H. H., 
U. S. Pttt. 330,155 (1885). 

401 Dominik, W., Przemyal Chem., 5, 257-63 
(1921) ; Chem. Aha., 16, 2867 (1922). 
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chloride of 99 to 100 percent purity if fol¬ 
lowed rigorously. 

The direct sublimation of molecular mix¬ 
tures of ammonium sulfate and sodium 
chloride has been described by several in¬ 
vestigators. Klaus and Easier heated 
such a mixture, to which 1 percent sodium 
bisulfate had been added, and claimed to 
have obtained ammonium chloride of 09.88 
percent purity. Continentale A.-G. fiir 
Chemie heated the mixture in a stream 
of oxidizing gas, such as oxygen, or with 
an admixture of peroxides, nitrates, chlo¬ 
rates, etc., and claimed the production of 
pure white, sublimed ammonium chloride 
and calcined sodium sulfate. 

Details on a number of the double de¬ 
composition processes mentioned above are 
given by Lunge-Kdhler,^ who also mention 
several other processes which start from 
ammonium sulfite and ammonium car¬ 
bonate respectively. 

The uses for ammonium chloride are as 
yet limited. It should be a good fertilizer. 
Kuyper^®^ proved in extensive field tests 
on sugar cane that it is as good as sulfate, 
and he found its physical characteristics to 
be better since it was not deliquescent—an 
imiiortant advantage in the tropics. Nu¬ 
merous other references on its value as a 
fertilizer as given by Gluud.'- A fair ton¬ 
nage of the salt is consumed in the manu¬ 
facture of dry cells and by steel plants. 

AMMONIUM NITRATE 

Ammonium nitrate is the last great am¬ 
monium salt to be considered. Its recov¬ 
ery by scrubbing the gas with nitric acid 
has rarely been considered, though Het- 
erich^®® did propose it. The volatility of 

402 KlauR, F., and Bnsler, R., Ger. Pat. 482,916 
(1925). 

403 Tontlnentale A.-G. f(ir Chomie, Brit. Pat. 
2ar>,552 (1924). 

404 Kuyper, J.. Arch, t^uikerind., 1-4 

(1923) ; Chem. Aha., 17, 1624 (1923). 


the acid, and possibly its action on other 
gas constituents, must have been discourag¬ 
ing factors. Feld attempted to produce 
it by treatment of the gas with nitrates 
of alkalies and alkaline earths, believing 
that a modified Solvay soda process would 
take place. However, Lunge-Kdhler ^ re¬ 
ported the reaction to be incomplete. 

Much more numerous and more success¬ 
ful were the attempts to obtain ammonium 
nitrate by double decomposition of natural 
nitrates with ammonia products of the 
coke plant. Colson*®® described the use 
of sodium nitrate instead of sodium chlo¬ 
ride in the ammonia soda process. The 
proposal seemingly never got anywhere. 
Moreover, since it needs concentrated am¬ 
monia liquor, it would be of no help to all 
those plants that make ammonium sulfate 
by the semi-direct process. Yet those 
plants are the ones which in times of na¬ 
tional emergencies would like to sell their 
ammonia in the form of nitrate. 

Roth converted ammonium sulfate 
with Chile saltpeter in alcoholic solution, 
either under reflux or in an autoclave at 
120 to 140® C. Only ammonium nitrate is 
soluble in the alcohol and was recovered 
from it. Benker*®® carried out the same 
reaction in an aqueous solution, froze out 
Glauber’s salt, and recovered the nitrate 
from the mother liquor. Craig*®® did not 
depend on fractional crystallization; he 
evaporated the reaction mixture to dryness 
and separated the nitrate from it with 
liquid or strong aqueous ammonia, in which 
the nitrate is soluble but not the sulfate. 
Naumann*^® added more refinements to 

405 Feld, W., Ger. Pats. 177,172, 178,620 

(1906) ; U. S. Pat. 839,741 (1906) ; Brit. Pat. 
5,776 (1906). 

4oeColHi>n, A., J. 8oc. Chem. Ind., 29, 187-92 
(1910). 

407 Roth. C., Ger. Pat. 48,705 (1889). 

408 Beaker, F., Ger. Pat. 69,148 (1893). 

409 Craig, G., Brit. Pat. 5,815 (1896). 

410 Naumann, E., Ger. Pat. 166,746 (1905). 
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the process, first separating sodium sulfate 
from the hot reaction mixture, then on 
partial cooling sodium ammonium sulfate, 
and finally on low cooling ammonium ni¬ 
trate. Caspari, Nydegger, and Gold¬ 
schmidt gave exact directions as to ra¬ 
tios, temperatures, and procedures. Hu- 
lin,^^* using calcium nitrate and ammonium 
sulfate, carried out the reaction in auto¬ 
claves at 120® C or above, with preheated 
solutions of the reactants. 

The conversion of the dry material has 
also been reported. Roth fused sodium 
nitrate with ammonium sulfate at temper¬ 
atures of 160 to 200® C, using as much as 
100 percent excess of the sodium nitrate. 
The lower layer is solid sodium sulfate; the 
supernatant liquid is molton ammonium ni¬ 
trate. Lennox also fused a mixture of 
sodium nitrate and ammonium sulfate but 
distilled the ammonium nitrate under vac¬ 
uum, at about 200® C. Heating above 
230® C must be avoided. 

More important than all these indirect 
methods for the production of ammonium 
nitrate is the direct oxidation of ammonia 
to nitric acid and its neutralization with 
ammonia liquor. The idea of having the 
ammonia of the gas furnish its own acid 
in the form of nitric acid is a fascinating 
one, but in spite of the fact that the 
method was developed in a coke plant it 
has never been adopted to any great ex¬ 
tent by the gas industry. The chief rea¬ 
son probably is that on account of its hy¬ 
groscopic qualities ammonium nitrate is 
not considered a good fertilizer. Further¬ 
more, strong ammonia liquor is needed for 
the process, and thus semi-direct plants 
cannot use it. 

411 Caspari, B., Nydegger, O., and Goldschmidt, 
A., U. S. Pat. 864,513 (1907). 

4i2Hulln, P. L., Fr. Pat. 480,150 (1916). 

4isRoth, C., Ger. Pats. 53,864 (1890), 55,155 
(1891), 149,026 (1904). 

414 Lennox, R. N., Ger. Pat. 96,689 (1898). 


Ostwald*^® deserves the credit for hav¬ 
ing developed the process, which contem¬ 
plates essentially passing ammonia with air 
over a platinum catalyst. The nitrous ox¬ 
ides are washed out of the reaction mixture 
in water scrubbers, and a nitric acid of 
about 45 to 50 percent results. A pure 
ammonia liquor, free from sulfur com¬ 
pounds, is necessary, because platinum cat¬ 
alysts are easily poisoned by such impuri¬ 
ties. For details the reader is referred to 
Lunge-Kohler ^ and to a paper by 
Waeser,^^® who has given an excellent sur¬ 
vey of the art, with a very complete bibli¬ 
ography. 

RECOVERY OF AMMONIA IN GAS PURIFICATION 
AND TAR DISTILLATION 

So much for the direct recovery of am¬ 
monia from coal-carbonization gases. Only 
two minor points remain to be discussed. 
When the gas leaves the normal absorption 
apparatus, be it the water scrubbers in the 
indirect system, the ordinary sulfuric acid 
saturator, or the scrubbers in the Feld, 
Burkheiser, and similar processes, there is 
always a very small amount of ammonia 
left in the gas. It is left there because 
complete absorption is generally uneco¬ 
nomical, and because it is beneficial in the 
removal of hydrogen sulfide by the iron 
oxide in the dry boxes. Ammonium salts 
are therefore found in all fouled or “spent” 
oxide masses. Williams noted that an 
average English spent oxide contained am¬ 
monium compounds in the following pro¬ 
portions: ferric ammonium ferrocyanide, 
3.80; ferrosoferric ammonium ferrocya¬ 
nide, 2.50; ammonium sulfate, 2.06; and 
ammonium thiocyanate, 1.30 percent, re- 

4iB08twald. W., IT. s. Pnt. 858,904 (1907); 
Brit. Pats. 698,830 (1902), 7,909 (1908). 

iieWaeser, B., Chem.-Ztg., 44, 838-40 (1920). 

417 Williams, H. B., The Chemistry oj Cyano¬ 
gen Compounds, P. Blaklston's Son & Co., Phila¬ 
delphia, 1915, 423 pp. 
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spectively. If the spent masses are worked 
up for the recovery of cyanogen com¬ 
pounds, the ammonia is recovered eventu¬ 
ally as sulfate, thiocyanate, or free am¬ 
monia. Williams reported on such re¬ 
covery, as did Waguet^i® Others have 
gone so far as to recover all the nitrogen, 
including that contained in the cyanogen 
compounds, in the form of ammonia and 
its salts. Such a proposal was made, for 
instance, by Simonin,*^® who tried 1o hy¬ 
drolyze the cyanogen compounds by dis¬ 
tillation with caustic soda. 

On the whole, recovery of ammonia from 
spent oxides is of no immediate i)ractical 
importance and is unlikely to become more 
important in the future, as coke plants 
switch from oxide purification to the mod¬ 
ern liquid purification schemes. 

Of a little greater importance is the am¬ 
monia that leaves the coke plant as liquor 
emulsified with the tar. Woodward *20 
wrote an interesting paper on the subject. 
He pointed out that it may be recovered 
both from liquor which settles out on top 
of the crude-tar storage tank, and, very 
profitably, from the aqueous fraction ob¬ 
tained in distillation. In a iilanl where the 
total amount of water distilled from tar 
jier year averaged about 700,000 gallons, 
about 85,500 pounds of 20 percent ammo¬ 
nia liquor could be recovered. Sometimes 
ammonium chloride gets into the tar-distil- 
lation equipment, with more or less serious 
consequences. Corrosion caused in this 
way was one of the factors against the 
adojition of the Brunck and Otto direct 
ammonia-recovery systems. Spalteholz 
reported on a stoppage caused by ammo¬ 
nium chloride in tar distillation, lie over- 

418 Waguet, P. P., Rev. prod, ehim., 34, 397— 
404 (1021) ; Chem. Aha., 15, 3198 (1921). 

419 Simonin, H., Brit. Pat. 20,604 (1909). 

420 Woodward, C. R., Met. d Ohem. Eng., 18, 
299-301 (1918). 

421 Spalteholz, W., Chem.-Ztg., 46, 644 (1922). 


came it by introducing a small amount of 
moist steam during the naphthalene period 
and the first part of the anthracene period. 

ECONOMICS OP AMMONIA RECOVERY 

At the beginning of coal carbonization 
the production and recovery of ammonia 
were desirable and profitable, and every ef¬ 
fort was made to increase them; but con¬ 
ditions changed with the advent of syn¬ 
thetic ammonia. Prices have drifted lower 
and lower, until many small gas works and 
coke plants have found it a losing proposi¬ 
tion to take ammonia out of the gas. Some 
plants have found relief by selling crude 
ammonia liquor to farmers—^this is dealt 
with in Chapter 32—^but such an outlet is 
not available in many districts. It is small 
wonder that efforts have been made either 
to prevent the formation of ammonia dur¬ 
ing carbonization or to destroy it after¬ 
wards. What a contrast between old and 
new! Mond hoped to become wealthy, 
and did so, by increasing the ammonia 
yield; modern inventors hope to fiind a 
bonanza by destroying it. Doubtless the 
man who finds an easy way of accomplish¬ 
ing this aim will make his fortune, llell- 
mann proposed to pass hot coal-distilla¬ 
tion gases over catalysts to break down 
their ammonia content. The catalysts 
could be glowing iron borings. The Ham¬ 
burger Gaswerke passed the mixture of 
ammonia and steam, obtained by distilling 
gas liquor, through a bed of glowing coke 
in a gas generator to yield a gas mixture 

of high hydrogen content .^^4 

Synthetic aimnonia probably could be 
made in this country from cheap natural 
gjis for less than 2 cents per pound, and 
possibly for less than 1.5 cents. This price 

422 Hellmann, O., Oer. Pat. 625,739 (1936). 

428 Hamburger Gaswerke G.m.b.H., Ger. Pat. 
641,267 (1937). 

424 Thau, A., Gas Times, 14, No. 171, 30-3 
(1938). 
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level is such that byproduct plants would 
lose money through the recovery of am¬ 
monia. Beebe in an economic study 
based his calculations on a price of 6.5 
cents per pound, and Battin in a similar 
study came to the conclusion that a price 
of 4.9 cents per pound is the zero line for 
profits. 

The seriousness of the situation has been 
generally recognized,but 
few remedies are available. Faults often 
prevalent in byproduct sulfate, such as dis¬ 
coloration, caking, and acidity, can be over¬ 
come, and methods for the accomplishment 
of that aim have been pointed out above, 
but diversification of production is next to 
impossible except in plants using the in¬ 
direct process. There is almost unanimity 
of opinion that the manufacture of one 
ammonia product only is the greatest sin¬ 
gle handicap of the industry, for if only 
one product is offered for sale it cannot 
take advantage of the up- .and down-trends 
of the chemical markets. Under these con¬ 
ditions the producer i.^^ at the mercy of the 
buyer. This is probiibly the chief reason 
why a number of modern, large German 
plants have returned to the indirect recov¬ 
ery process which has acknowledged dis¬ 
advantages, but allows the manufacture of 
whatever happens to command the best 
market price. Practically all writers on 
these economic problems are agreed, there¬ 
fore, that it would be best to manufacture 
strong ammonia liquor, which in turn could 
be made into any desired ammonium salt. 
Parrish very sensibly suggested that 

the ammonia liquor from a number of 
plants within a radius of 40 miles be col- 

425 Beebe, A. M., Am. Oaa J., 129, 39-41 
(1928). 

420 Battin, W. I., ibid., 129, 35-6 (1928). 

427 Taylor, R. C., Gas J., 194, 44-6 (1923) ; 
Oaa World, 79, 306-9 (1923). 

428 Parrish, P., Inat. Gas Enprs., Commun. 
213 (1939), 72 pp.; Chem. Aba., 23, 6564 (1939). 


lected and worked up together at a central 
chemical plant. This should be possible, 
particularly in heavily industrialized dis¬ 
tricts with their great concentration of cok¬ 
ing facilities, but for isolated small coke 
and gas plants such a plan would offer no 
solution. Only small hope can be seen in 
suggestions to find ^‘new outlets” for am¬ 
monia. Such new uses, if they take any 
sizable tonnage, would only rarely receive 
substantial patent protection, and would 
therefore l)e immediately subject to exploi¬ 
tation by the producers of synthetic am¬ 
monia, so that no useful end would be 
served. 

Analytical methods have not been dealt 
with in this chapter, because the art is so 
well know'n and standardized that it would 
have amount^ed to a mere repetition. Ex¬ 
cellent information on this subject can be 
obtained from Gluud and Jacobson,^- Kel- 
ler^42o Parrish,'^® and the U. S. Steel 
Chemists^ Handbook. 

A survey of the development of the by¬ 
product ammonia industry in the United 
States is contained in Table XXL 

Recovery and Utilization of C'yanogen 
FROM Gases 

Although ammonia is the most impor¬ 
tant nitrogenous compound in carboniza¬ 
tion gases, from the standpoint of quan¬ 
tity as well as of economic value, cyanogen 
(hydrocyanic acid, HCN) nevertheless has 
not been comjiletely forgotten. In fact, its 
recovery has been on the minds of fuel 
technologists for many decades. The in¬ 
tricate chemistry of cyanogen compounds 
and the lack of markets, however, have 

429 Koller, K., Laboratoriumabuch fUr die 
Kokerei- and Tcerprodukteninduatrie der Stein- 
kohle, Wilhelm Knapp, Halle, 1923, 128 pp. 

430 United States Steel Corporation, Chemlats’ 
Committee, Sampling and Analgaia of Coal, Coke, 
and tty-Produeta, Carnegie Steel Co., PitiMburgh, 
3rd ed., 1929, 334 pp. 
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TABLE XXI 

Production of Ammonia from Coal in the United States, Expressed in Tons of Ammonium 
Sulfate, as Reported in Various Sources 




Mineral 

Census and 

Mineral 

Tariff 



Re¬ 

Mineral Re- Cen- 

Re¬ 

Com¬ 

Year 

Barrett * 

sources 1 

sources § sus X 

sources *** 11 

mission *' 

1901 

27,279 





1902 

36,124 





1903 

41,873 

40,425 




1904 

54,664 

52,739 




1905 

65,296 

63,400 




1906 

75,000 t 





1907 

99,309 

97,166 




1908 

83,400 

81,437 





1909 106,500 

1910 116,000 

1911 127,000 

1912 165,000 

1913 195,000 

1914 183,000 186,150 

1915 250,049 249,439 

1916 288,265 

1917 325,670 324,670 

1918 379,278 378,328 

1919 403,223 

1920 449,463 

1921 358,500 

1922 476,761 475,762 


1923 

603,363 

602,200 

575,363 


1924 

569,622 


544,623 

559,050 

1925 

664,019 

650,000 

639,019 

651,170 

1926 

715,976 


690,976 

699,780 

1927 

742,460 

734,100 

695,850 

724,550 

1928 



798,887 

798,550 

1929 


849,000 

856,214 

863,020 

1930 



769,022 

763,600 

1931 


568,550 

569,986 

570,890 

1932 



356,208 

360,050 

1933 


441,730 

420,283 

439,440 

1934 



479,911 

503,240 

1935 


545,312 

535,250 

548,300 

1936 



694,342 


1937 



753,216 


1938 



518,383 


1939 



676,802 


1940 



832,109 



• Includes production in coke ovens plus an estimated value for that in “coal-gas, bone-carbonizing, 
etc.” 

f Estimated. [Footnotes continued on p. 1082.] 
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mitigated against universal adoption of 
available recovery schemes. 

As pointed out in the beginning of this 
chapter, cyanogen is formed essentially 
from ammonia and carbon or carbon com¬ 
pounds at high temperatures, and the 
quantity produced is tied up with such fac¬ 
tors as oven construction, oven heats, and 
moisture content of the coal charge. 
Though some figures have been given above 
on the yield in pounds per ton of coal car¬ 
bonized, particularly in relation to the am¬ 
monia yield, a few figures on the actual 
content in the gas might not be amiss. 

Leybold was one of the first to make 
careful determinations of cyanogen in gas; 
he found it to contain 89 and 116 grains 
per 100 cubic feet as it came from the 
collecting main of a gasworks. Dreh- 
schmidt reported 90 grains and 
Nauss 93 grains per 100 cubic feet (gas- 

431 The Production of Sulphate of Ammonia 
for 1915-16, 22-27, The Barrett Company, 40 
Rector Street, New York, N. Y. 

432 U. S. Department of the Interior, Geolog¬ 
ical Survey, Mineral Resources of the United 
States, 1907-15, U. S. Governineiit Printing 
Gttice, Washington, D. C., 1908-26. U. S. De¬ 
partment of Commerce, Bureau of Mines, Min¬ 
eral Resources of the United States, 192^-51, 
U. S. Government Printing Office, Washington, 
D. C., 1927 23. U. S. Department of Interior. 
Bureau of Mines, Minerals Yearbook, 19S2-H, 
U. S. Government Printing Office, Washington, 
I). C.. 19,33-42. 

433 U. S. Department of Commerce, Bureau of 
the Census, Biennial Census of Manufactures, 
192S-S5, U. S. Government Printing Office, 
Washington, D. C., 1926-38. 

434 U. S. Tariff Commission, Chemical Nitro¬ 
gen, Report 140, 2n(l Series, U. S. Government 
Printing Office, Washington, D. C., 1937. 

435 Leybold, W., J. Gasheleucht., 83, 336-41 
(1890). 

436 Drehschmidt, II., ibid., 35, 221-6, 268-70 
(1892). 

487 Nauss, A. O., ibid., 45, 953-7 (1902). 


works). Feld^®® carried out a more ex¬ 
tensive investigation, testing the gas after 
it came from the tar separators. He re¬ 
ported: for German gasworks 96 to 149 
grains per 100 cubic feet, for an English 
plant 103, for French retorts 99. Jorissen 
and Rutten of the Amsterdam gasworks 
found 81 grains per 100 cubic feet, and 
Ritzingcr^^® 311 grains per 100 cubic feet 
expressed as K 4 Fe (CN) e. Bertelsmann 
thought that retort gas contained from 88 
to 109 grains per 100 cubic feet, while coke- 
oven gas had a maximum of only 66. 
Gluud and Klempt,**^- using more refined 
methods of analysis, rejiorted for German 
coke plants only 21 to 53 grains per 100 
cubic feet, which may liave been due to 
the high moisture content with which coal 
is customarily coked in German coke 
l)lants, Mezger found for a very mod¬ 
ern German gasworks 50 grains per 100 
cubic feet, and anywhere from 26 

to 87, with an average of 26 to 35. For 
American i)ractice a figure of 60 grains per 
100 cubic feet is a good average for coke 
ovens maintained at normal heats. 

The (luantitics of cyanogen involved 
seem at first sight insignificant and not 
worth bothering with. However, assuming 
an annual gas ])roduction of 700 billion 
cubic feet and the average of 60 grains per 

438 Feld, W., ibid., 45, 933-40 (1902). 

438 JoriKHen, W., and Rutten, J., ibid., 40, 
716-9 (1903). 

440 Ritzinger, ibid., 46, 44-7 (1903). 

441 BertelBinuiin, W., Die Technologic dcs 
Cyanverbindungen, R. Oldenbourg, Munich and 
Berlin, 1906, 332 pp. 

442 Gluud, W., and Klempt, W., Ber. Oes. 
Kohlentech., 2, 269-309 (1929). 

443 Meager, R., Gas- u. Wasserfach, 70, 165-70 
(1927). 

444 0ffe, G., ibid., 71, 222-4 (1928). 


t Includes production in the byproduct coke industry ^nd in the manufactured-gas industry. 

§ Includes production in the byproduct coke industry (Bureau of Mines) plus that in the manu¬ 
factured-gas industry (Census). 

11 Includes production in the byproduct coke industry and in city gasworks. 

^ Includes production in coke ovens and gasworks. 
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100 cubic feet, the annual output of cyano¬ 
gen in the United States amounts to the 
stupendous figure of 30,000 tons from coal 
carbonization only, and the figure might be 
augmented considerably if blast furnaces 
were taken into consideration. Obviously, 
if every coke plant in the United States 
were to recover cyanogen and sell it in 
the form of cyanides, the consequences to 
the established market would be disastrous. 
Therefore, the prospect of big profits can¬ 
not be the incentive for removing cyano¬ 
gen from gas today any more than in the 
past. Certainly, there was a time at the 
end of the last century when cyanides 
brought good money. Cyanide leaching of 
gold ores had just been invented, and there 
was not enough to go around. However, 
increase in the production of synthetic cy¬ 
anide followed, and soon the prices were 
at a point at which recovery plants just 
about broke even. In spite of these con¬ 
ditions not only was existing equipment 
kept operating, but new facilities were in¬ 
stalled in a number of plants, even where 
plant managers felt sure they would not 
make much of a profit. 

CORROSIVE ACTION OF HYDROCYANIC ACID 

One might ask why anyone would want 
to take cyanogen out of the gas, in the ab¬ 
sence of public regulations requiring its 
removal, if no money was to be made 
thereby. The answer is a simple one. Hy¬ 
drocyanic acid, though only a weak acid, is 
one of the most corrosive substances known 
in its effect on iron equipment, owing to 
its strong tendency to form complex iron 
salts. Its destructive action is greatly aug¬ 
mented by the presence of water, oxygen, 
or hydrogen sulfide; since normal coal gas 
always carries water vapor, ideal conditions 
for corrosion are offered at almost any 
point from the carbonizing retort to the 
customer's appliances. 


Bueb was probably the first to point 
this out, at the beginning of the present 
century. He mentioned especially the at¬ 
tack on gas holders and gas meters. 
Salm also considered gas-holder and gas- 
meter corrosion of primary importance, 
and he cited as proof his experience that 
meters were practically destroyed in 4 to 
5 years. The sediment in the meter water 
analyzed 60 percent iron and 24 percent 
cyanogen. For many years Salm had not 
experienced any troubles, because ammonia 
was not completely washed from the gas 
and thus promoted almost complete cyano¬ 
gen removal in the oxide boxes, but after 
an overhauling of his ammonia system his 
equipment losses became so serious that he 
installed a cyanogen-recovery plant. 

Scheuer,**^ in a general survey of cyano¬ 
gen removal from gas, also referred to its 
destructive action on gas meters and hold¬ 
ers. Donath**® reported his investigation 
of a badly corroded ammonia-still section, 
which he found to have been completely 
converted to Prussian blue and graphite. 
Nauss found a Prussian blue content of 
2 percent in the lime sludge of an ammo¬ 
nia still, due, no doubt, to attack by the 
ammonium cyanide of the ammonia liquor. 
Ritzinger**® gave disastrous corrosion of 
gas holders as the reason for his adopting 
a cyanogen-recovery system, and he stated 
that he would have installed it even 
though it yielded no financial return. Al¬ 
brecht reported gas meters quickly de¬ 
stroyed by hydrogen cyanide in the gas. 
Drory^®® added governors to the list of 
corroded equipment, but he considered the 

445 Bueb, J., J. Oasheleucht., 42, 469-73 
(1899), 43, 747-50 (1900), 46, 81-8 (1903). 

446 Salm, ibid., 43, 750-1 (1900). 

447 Scheuer, Z. angew. Chem., 14, 603-7 (1901). 

448 Donatb, E., J. Oaabeleucht., 44, 880-1 
(1901). 

449 Albrecht, A., ibid., 46, 101-6 (1908). 

460 Drory, E., ibid., 46, 148-4 (1908). 
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preservation of gas meters to be most sig¬ 
nificant. He found that the capital invest¬ 
ment for the cyanogen-recovery plant was 
compensated for by increased capacities of 
coolers and ammonia scrubbers. 

Kaysser considered corrosion to hold¬ 
ers, meters, and mains so important that 
he took out a number of patents specifi¬ 
cally for the destruction of hydrogen cy¬ 
anide. Thau,227 in an investigation of am¬ 
monium sulfate discoloration, traced it to 
cyanogen corrosion of ammonia-still sec¬ 
tions and of the piping from the still to the 
saturator. His remedy was to keep the 
system hot enough to prevent condensation 
of moisture. Mueller^®- was quite aware 
of the corrosive action of cyanogen on all 
iron equipment, including house pipes and 
services. McLeod^®® was probably the 
first to write a special paper on the sub¬ 
ject of service-pipe corrosion; he also em¬ 
phasized the corrosive action of hydrogen 
cyanide. An anonymous paper ^®* claimed 
that ammonium cyanide is a potent factor 
in causing corrosion of ammonia- and ben¬ 
zol-distilling plants. Kersting,^®® who de¬ 
voted a whole paper to rust deposits in 
gas mains and services, pointed out as one 
of the consequences the poor gas pressures 
resulting from the accumulation of rust in 
service risers and extensions. He consid¬ 
ered hydrogen cyanide the most important 
cause of the troubles, and in analyzing a 
rust sample he found 11.36 percent ammo¬ 
nium ferrocyanide. Bertelsmann,'^®® in a 
broad survey of cyanogen recovery, stated 
that intangible gains, such as the preserva- 

451 Kaysser, O., Gcr. Pats. 211,237 (1908), 
218,949 (1909). 

452 Mueller, M. E., J. Oat Lighting, 112, 851-5 
(1910) ; Proc, Am. Gat Intt., 6. 231-61 (1910). 

4.'»8 McLeod, J., Gat J., 114, 903-6 (1911). 

464 Anon., Oat World, 58, 667 (1913). 

455 Kersting, A., Am. Oat Light J., 104, 339-41 
(1916). 

456 Bertelsmann, W., J. Oatheleucht., 02, 205-7 
(1919). 


tion of meters, would make cyanogen re¬ 
covery advisable even if direct profits 
were negligible. 

Taplay and Parkinson and Taplay ^®^ 
also attributed corrosion of mains and serv¬ 
ices primarily to hydrogen cyanide, and 
they urged its removal, particularly from 
high-pressure systems. Parkinson'*®® took 
up the same question in a committee re¬ 
port on the life of gas meters. Minot *®® 
gave corrosion of gas holders, meters, and 
mains as his justification for a preliminary 
removal of cyanogen as ammonium thio¬ 
cyanate. Williams, Colman, Richardson, 
and Gluud^®® have written very interest¬ 
ing papers devoted entirely to the prob¬ 
lem of corrosion in the gas industry. They 
all are agreed that hydrogen cyanide is at 
least partly responsible, although they dif¬ 
fer as to the extent and the mechanism. 
In some of these papers the interrelation¬ 
ship of hydrogen cyanide, carbon dioxide, 
oxygen, water, and ammonia in the reac¬ 
tions involved is pointed out. 

Seymour*®^ saw one of the chief advan¬ 
tages of the Koppers Seaboard purification 
system (for hydrogen sulfide) in the fact 
that it removes cyanogen at the same time. 
He found meter deterioration completely 
cured after the installation of the plant. 
Sperr'*®"' pointed out the same thing in a 
paper dealing with the Koppers Seaboard 
process, and he also found important sav¬ 
ings in gas-distribution costs In a later 

457 Taplay, J. G., Oat J., 150, 58,3-7 (1920) ; 
Oat World, 72, 481-6 (1920). 

458 ParkiuHon, B. R., ibid., 70, 548-53 (1922) ; 
Oat J., 158, 834-9 (1922). 

459 Minot, M., Am. Oat J., 115, 386-8 (1921) ; 
Chimir d induttrie, 0, 135-40 (1921). 

460 WilliamB, H. E., Gat J., 162, 72.5-6 (1923). 
Colman, H. G., ibid , 102, 794 (1923). Richard- 
Bon, B., ibid., 162, 348-50 (1923), 164, 515-6 
(1923) ; Gat World, 70, 468-70 (1923). Gluud, 
W, Ber. Oct. Kohlentech., 1, 169-71 (1923). 

461 Seymour, P. W., Oat Age-Record, 50, 765-7 
(1922). 

462 Sperr, F. W., Jr., ibid., 52, 553-8 (1928). 
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paper on gas dehydration,Sperr elabo¬ 
rated on these points, emphasizing that 
customer appliances also were affected, and 
pilot lights might be stopped completely. 
The expenses involved are not only renewal 
of corroded equipment, but also the costs 
of testing, adjusting, and repairing meters, 
losses of gas through leakage, and other 
items. If the gas were made noncorrosive 
the large-diameter cast-iron mains could be 
replaced by small-diameter, cheap steel 
mains. A drip obtained by compressing 
gas to 50 pounds and cooling to normal 
temperature showed 31 grains per gallon 
ammonium thiocyanate and 15 grains am¬ 
monium ferrocyanide. Engler made hy¬ 
drogen cyanide partly responsible for the 
corrosion of gas holders, putting it on a 
par with oxygen. Mezger,^^*'’ in a study 
on economic considerations involved in the 
removal of cyanogen from gas, summed up, 
as the reason for its removal, the destruc¬ 
tion of gas holders, mains, governors, and 
metering devices. A crude-light-oil tank, 
when repaired after 5 years of service, 
showed a dei)osit of 2,800 pounds of a 
solid substance (0.6 percent of its original 
weight) containing 23.1 percent Prussian 
blue. 

Schwarz'*”® added to the list of cyano¬ 
gen damage its poisoning of certain cata¬ 
lysts used in liquid hydrogen sulfide puri¬ 
fication systems. Parker,^”® in connection 
with gas dehydration, called attention to 
the fact that, in the absence of water, hy¬ 
drogen cyanide will not cause corrosion on 
bright surfaces of iron and steel. Niib- 
ling467 found that cyanogen removal paid 

463 Spprr, F. W., Jr., ibid., 58, 561-3 (1926). 

404 Engler, R., Ga«- u. Waaaerfavhy 68, 475-8 
(1925). 

46.'> Sfhwnrz, S. (’.. Western Gas, 3, 118-9 
(1927). 

460 Parker, J., Gas J., 178, 361-2 (1927). 

467 Nttbling, R., Gas- u. Wasserfaoh, 73, 909- 
18 (1930). 


financially, as well as indirectly by elimi¬ 
nation of corrosion of the distribution sys¬ 
tem. Downing^®® established that rather 
small quantities of hydrogen cyanide in the 
gas are able to corrode even galvanized 
services. 

A fair amount of work has been done 
to clear up the picture of cyanogen corro¬ 
sion. Ott and Hinden have tested nu¬ 
merous types of pipes with gas of varying 
hydrogen cyanide concentration. Large 
numbers of photographs and colored illus¬ 
trations give a visual idea of the effect. 
Stavorinus cited an interesting investi¬ 
gation by Hicks, who gave the corrosion 
rates of gas mains shown in Table XXII. 

TABLE XXII 

Corrosion Rates of Gas Mains 

Ounces Loss per 
Year per Square 


Type of Gas Foot Area 

Normal moist city gas 0.0262 

Normal moist city gas with 
higher cyanogen content 0.246 

Gas free of oxygen, carbon di¬ 
oxide, and cyanogen 0.0656 

Dry city gas 0.0049 

Dry city gas free of carbon di¬ 
oxide and cyanogen 0.0 


In a later paper, Hicks estimated the 
corrosion of Portland City gas mains as 
0.001 pound per year per square foot sur¬ 
face. The yearly total of iron consumed 
was calculated to be 9,500 pounds, equiva¬ 
lent to about 10 tons of Prussian blue. A 
number of corrosion deposits were ana- 

468 Downing, R. C., Proc. Am. Gas Assoc., 
1030, 699-702. 

409 Ott, E., and Hinden, F., Monats.-Bull. 
Schweiz. Ver. Gas- u. Wasserfach., 1927, No. 
1-2, 18 pp.; Chem. Ahs., 21, 2650 (1927). 

470 Stavorinus, D., Het Gas, 48, 70 (1928) ; 
Gas- u. Wasserfach, 71, 736 (1028). 

471 Hicks, J. F. G., J. Phys. Chem., 35, 8Jl^- 
904 (1931). 
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lyzed and found to contain from 7.4 to 
91 percent of Prussian blue. He came to 
these conclusions: (1) hydrogen cyanide, 
although not a cause, is the chief contribu¬ 
tory factor in the internal corrosion of 
gas mains, carbonic acid and oxygen fol¬ 
lowing in order; and (2) hydrogen cyanide 
has the greatest intensity of effect and is 
first in order of priority of attack. Prus¬ 
sian blue is the final product in the corro¬ 
sion of iron in the interior of gas mains. 
Pieters determined the corroding effect 
of hydrogen cyanide in ammonia-still va¬ 
pors, when they were washed with a slurry 
of finely divided iron in sodium carbonate 
solution (95“ C) in order to produce ferro- 
cyanide. He found that the rate of corro¬ 
sion depended on the composition of the 
metal (Table XXIII). Pieters therefore 

TABLE XXIII 

Corrosion Rates of Various Metals by 
Hydrogen Cyanide 

Loss in Ounces 
per Square Foot 


Metal per Year 

18-8 A vesta chromium-nickel 
steel 0.0052 

Monel 0.0034 

N.C.T. 3 0.0018 

Cast iron 0.0029 

Sheet iron 0. CX)47 

V2A steel 0.0047 

Cast iron with 1.5 percent nickel 0.0054 

Cast iron with 3.0 percent nickel 0.0045 


recommended cast iron as the construction 
material for his scrubbers. Recently, the 
detrimental effect of cyanogen has been 
pointed out by Stief and by Murphy.*^* 
Murphy has made an especially valuable 
contribution, finding that in conjunction 

472 Pieters, H. A. J., Brennatoff-Chem., 18, 
397-8 (1937). 

478 Stief, F., Gas- u. Waaaerfach, 82, 574-7 

(iW). 

474 24urpliy, J., Qua 84, 28—7 (1930). 


with mercaptajis as little as 0.4 grain per 
100 cubic feet of gas is enough to corrode 
brass appliance pilots. If the gas is free 
of mercaptans as much as 2 grains is con¬ 
sidered permissible. 

CYANOGEN REMOVAL IN OXIDE BOXES 

However, corrosion of metal equipment 
is not the only ill effect of cyanogen in 
gas. In the final purification step, in 
which iron oxide is used to remove hydro¬ 
gen sulfide from the gas, the cyanogen 
binds a certain amount of oxide with the 
formation of various complex iron cyanides. 
This iron oxide is irrevocably lost for sul¬ 
fide purification, thus necessitating more 
frequent changes of boxes, and a corre¬ 
sponding purchase of fresh material. 
Moreover, in spite of their sulfur content 
of 40 to 50 percent, the spent oxides which 
contain iron cyanides are not useful for 
the manufacture of sulfuric acid. Bueb 
pointed out that if cyanogen is removed 
a better utilization of oxides is obtained, 
the sulfur content of the spent oxides is 
higher, and hydrogen sulfide removal is 
better. Ledig also observed the greater 
efficiency of the dry boxes; he was able 
to purify 70 percent more gas with the 
same amount of oxide. Keppeler^^® used 
only 75 percent of the number of boxes 
he had to use before cyanogen removal, 
and the correspondingly smaller space re¬ 
quirement proved of great importance to 
him. Mueller, Bertelsmann,^®® and 
Minot recognized that cyanogen recov¬ 
ery lessens the load on oxide purifiers. 
Other writers have given more specific in¬ 
formation. Thus Schwarz claimed a 
33% percent higher oxide utilization, and 
Mezger*®® found 37 percent. Downing*®® 
came to the conclusion that the cost of re¬ 
moving the hydrogen cyanide by iron oxide 

476 Ledig, B., J. OaaTieleucht., 43, 750 (1900). 

476Keppeler, O., ibid., 47, 245-8 (1904). 
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is equal to the cost of removing the hydro¬ 
gen sulfide, so that a very substantial bene¬ 
fit would be derived from its prior removal. 

TOXICITY OP HYDROGEN CYANIDE 

A point of comparatively minor impor¬ 
tance is the well-known toxicity of hydro¬ 
gen cyanide. Bueb called attention to 
the toxic qualities of the water in gas hold¬ 
ers, and Wehmer traced to its cyanogen 
content the poisonous effect of coal gas 
on the root systems of trees. The effect 
may be delayed and may not become ap¬ 
parent until the end of the winter rest- 
period. 

DISTRIBUTION OF CYANOGEN IN GASWORKS 

For an appropriate consideration of the 
various cyanogen-recovery or -removal 
methods proposed or in existence, it is de¬ 
sirable to know just what happens to the 
cyanogen contained in the crude gas com¬ 
ing from the collecting mains as it passes 
through the various pieces of plant equip¬ 
ment to the ultimate consumer. Since hy¬ 
drocyanic acid is an extremely water-solu¬ 
ble compound, being in fact miscible in all 
proportions with water, it would be ex¬ 
pected to be found wherever the gas is 
cooled sufficiently to deposit water, or 
where it is washed with water or aqueous 
solutions. Thus it should be present in 
l)rimary-cooler liquor, in the ammonia liq¬ 
uor of the indirect ammonia-recovery proc¬ 
ess, in the final cooler water (where direct 
final cooling is employed), in the water of 
gas holders, and in the various drips of the 
distribution system. It should be present 
especially wherever an ammoniacal liquor 
is obtained, since owing to its acidic nature 
it should combine with ammonia to form 
ammonium cyanide. Furthermore, because 
of its great affinity for iron compounds, it 

477 Wehmer, C., Ber. deut. botan. Oea., 30, 
400-4 (1918); Chem. Aba., 13, 2897 (1919). 


should be found in the oxide purification 
masses. However, its low boiling point 
(26® C) and correspondingly high vapor 
pressure should favor its being carried on 
by the gas stream, and the presence in the 
gas of large quantities of carbonic acid 
(which is a much stronger acid than hydro¬ 
cyanic acid) should tend to expel it from 
its union with ammonia. 

Strangely, comparatively few data on 
these questions are available in the litera¬ 
ture, though the references given above on 
the problem of cyanogen corrosion indicate 
that technologists were well aware of the 
presence of hydrocyanic acid at various 
points. It is, of course, perfectly true that 
distribution figures which would be gener¬ 
ally applicable could not be given, because 
such operating conditions as the tempera¬ 
ture of the primary coolers, the kind and 
number of ammonia scrubbers, the amount 
of water used in the scrubbers, and the 
concentrations of ammonia, carbonic acid, 
hydrogen sulfide, and hydrogen cyanide 
vary tremendously from plant to plant. 

Leybold,^®® Drehschmidt,^®® Lewis, 
and Nauss have reported figures for the 
distribution of hydrogen cyanide in gas¬ 
works, and their data are summarized in 
Table XXIV. Powell found distribu¬ 
tion of cyanogen in various gases to be as 
shown in Table XXV. Scheuer pointed 
out that one-third to one-quarter of the 
cyanogen contained in crude gas is likely to 
be found in the city gas mains. The high 
absorption in the ammonia scrubbers led 
Nauss to experiment with them. He took 
three of the four ordinary scrubbers out 
of the circuit and left only the fourth one 
(an ^'intensive'' scrubber). Although the 
ammonia removal remained almost as good 

478 Lewis, G. P., J. Gas Lighting, 69, 1049-53 
(1897). 

479 Powell, A. R., Am. Gas Assoc. Monthly, 4, 
021-7 (1922). 
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TABLE XXIV 

Distribution of Hydrogen Cyanide in Gasworks 


Gas 

Leybold 


From collecting main 
After coolers 


After ammonia scrubbers 

75.9 

109.9 

After dry boxes 

26.0 

26.9 

In holder 

8.6 

18.0 


Drehschmidt 
Before coolers 
After coolers 
After ammonia scrub¬ 
bers 

After oxide boxes 
In city main 

Lewis 

After retorts 
After condensers 
After ammonia scrub¬ 
bers 

After last purifier 


Grains HCN per 
100 Cubic Feet 

88.9 116.2 

81.8 111.8 


90.1 . 

81.7 76.9 . 

76.4 74.5 61.6 

16.3* . 29.7t 

8.0 . 


84-132 Average 108 
82-127 Average 105 

80-125 Average 102 
16-18 Average 17 


Gas 

In coolers 

In ammonia scrubbers 
In dry boxes 
In holder 


In coolers 

In ammonia scrubbers 
In oxide boxes 
In holder 


In condensers 
In ammonia scrubbers 
In purifiers 


In tar separators 
In ammonia scrubbers 
In dry boxes 


Percent Removal 

8.02 3.76 

6.55 1.62 

56.15 71.45 
19.55 7.67 


9.27 . 

5.87 2.67 . 

66.71 . 35.47 

9.22 . 


About 3 
About 3 
78.7 


24.29 

23.33 

47.62 


Nauss 


After one tar separator 

91.8 

After all tar separators 

69.5 

After last ammonia scrubber 

48.1 

After dry boxes 

4.4 

* Fresh iron oxide. 


t Mass used repeatedly. 



TABLE XXV 


Distribution of Cyanogen in Various Gases 



Vertical 


Coke Oven 

Coke Oven 

Gas 

Retorts 

Water Gas 

with Oxide 

with Soda 




Purification 

Purification 



grain.s per 100 cubic feet 


(Outlet of exhauster) 

Inlet to intensive scrubber 

44 

Trace to 1.3 

(25.6) 

(46-47) 

Inlet to purifier 

Inlet to meter (between purifier and 

19 

Trace to 1.3 

12.3 

2.5 

light oil scrubber) 

14.7 

Trace to 1.3 



Outlet of light oil scrubber 

7.3 

Trace to 1.3 

4.6 

0.0 
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as before the change was made, only 1 per¬ 
cent of the original cyanogen was removed. 
Ritzinger*^® reported that 39.4 percent of 
the cyanogen was removed with the am¬ 
monia liquor. 

Mezger^^® disclosed that in his plant 
21.3 percent of the cyanogen went into the 
ammonia liquor, 57.78 percent into the 
spent oxide, and 20.92 percent remained in 
the gas to be distributed. Feld asserted 
that from 40 to 75 percent of the cyanogen 
was retained by the dry boxes; Lewis 
found the figure to be about 50 percent; 
and Anon. contended that under favor¬ 
able conditions even 80 to 90 percent may 
be thus retained. Proteus claimed a re¬ 
moval of 60 to 70 percent by dry box op¬ 
eration, and TerNedden found 42 per¬ 
cent of the total cyanogen in the ammonia- 
absorption stage, and 55 percent m the 
oxide boxes. 

From the foregoing discussion it appears 
that the ])rimary coolers may remove up 
to about 10 percent of the total cyanogen, 
the ammonia scrubber^! from 1 to 40 per¬ 
cent, the oxide boxes generally 50 to 60 
jiercent, and the gas-holder water up to 
20 percent. A retention of about 20 per¬ 
cent by the ammonia liquor of indirect 
processes is probably a good average. 
Semi-direct jilants, of course, have to 
reckon only with the content of the pri¬ 
mary cooler liquor. 

The great influence of the type of am¬ 
monia scrubber and the method of scrub¬ 
bing is manifest from the findings of Nauss. 
Little is known about the other factors, 
but an inkling of the importance of car¬ 
bon dioxide may be had from the study 
of a paper by Lenze and Rettenmaier 
on the cooling of gas to low temperatures. 
The ammonia liquor obtained at tempera- 

480 Proteus, Oaa World, 100, 447-52 (1934). 

481 TerNedden. W., Tech. Mitt. Krupp, 4, 8-9 
(1936) ; Chem. Abs., 30, 7821 (1936). 


tures of -10 to 0® C would be expected 
to contain large quantities of ammonium 
cyanide. As a matter of fact, Lenze re¬ 
ported it to be “an almost pure 30 percent 
solution of ammonium carbonate.^’ The 
amount of cyanide in the liquor was ex¬ 
ceedingly small, being only 0.3 percent hy¬ 
drogen cyanide. Seemingly, the presence 
of large quantities of carbonic acid com¬ 
pletely prevented an absorption of hydro¬ 
cyanic acid. 

REMOVAL OF HYDROGEN CYANIDE 

In the early days of the industry of coal 
carbonization, cyanogen was recovered only 
incidentally to the removal of hydrogen 
sulfide from the gas. Clegg and Philips, 
as cited by Bertelsmann,^'*^ treated the gas 
with milk of lime and with solid lime re¬ 
spectively, and a small amount of the hy¬ 
drogen cyanide was thereby fixed as thio¬ 
cyanate and to a much lesser extent as 
calcium ferrocyanide. Since McFarlane^^^ 
found only 0.12 percent cyanogen in a 
silent lime, this process can have no more 
than an historic interest, the hydrogen cy¬ 
anide being neither removed nor recovered 
in this manner. 

A little later. Philips**^ proposed the 
use of an aqueous suspension of iron oxide 
for the purification of gas, and Croll*^^ 
advocated dry iron oxide, which was to be 
regenerated by roasting. Neither process 
became successful, and it was not until 
Laming produced his purifying material 
from ferrous‘sulfate, lime, and waste tan¬ 
ning bark that the essential details of our 
present iron oxide purification system be¬ 
came established. Laming spread out the 
mixture to oxidize in the air, and then 
filled it into boxes, on trays, through which 
the crude gas was made to pass. The 
fouled mass was taken out and regenerated 
by oxidation in the air. Few of the 
changes made in later years were of real 
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importance, the outstanding ones, perhaps, 
being the replacement of the precipitated 
iron hydroxide by natural products such as 
bog iron ore, or industrial byproducts such 
as the iron hydrate sludges obtained in the 
manufacture of aluminum from bauxite. 
Regeneration of the used mass was later 
accomplished by the addition of enough 
oxygen or air to the gas to oxidize iron 
sulfide continuously, and a removal of the 
mass from the boxes was obviated. Lam- 
ing’s waste tanning bark, which had been 
added to loosen the mass and facilitate the 
passage of gas, was replaced by wood shav¬ 
ings, peat moss, coke breeze, infusorial 
earth, and other carriers. Metal salts of 
all kinds were added to increase the activ¬ 
ity of the mass, but they never became 
of any importance. Finally, considerable 
attention was paid to mechanical details, 
such as the shaping of the mass in definite 
forms, e.g., balls or nodules, and the re¬ 
placement of the boxes by towers, centri¬ 
fuges, etc. These developments are con¬ 
sidered in Chapter 26. 

The mechanism of cyanogen removal in 
oxide boxes, though the subject of many 
studies, has never been cleared up satis¬ 
factorily. However, a few points have 
been brought out by these investigations 
which have served to improve the opera¬ 
tion of oxide purifiers. Buhe^®^ estab- 

482 Buhe, A., and Schilling, N. H., J, Oashe- 
Icucht., 11, 244-54 (1868). 


lished at a very early date what may well 
be axiomatic, namely, that hydrocyanic 
acid does not react with ferric compounds. 
He determined ferrous and ferric hydrox¬ 
ide in his fresh mass and, after several re¬ 
generations, found the very interesting val¬ 
ues shown in Table XXVI. Buhe attrib¬ 
uted the large amount of retained cyano¬ 
gen to the high ferrous hydroxide content 
of his masses. 

Feld^®® also was of the opinion that 
only ferrous oxide is capable of taking up 
cyanogen, as was Offe.^^^ However, it is 
doubtful that it is actually oxide with 
which the cyanogen combines, for fresh 
mass in spite of its high content of ferrous 
hydroxide does not absorb any.”*®®* 
Drory's'*®® opinion to the contrary is so 
much in the minority that it may be dis¬ 
counted. It is much more likely that fer¬ 
rous sulfide is the active agent.‘‘®®' 

Burschell and Poole are especially firm in 
this opinion. Burschell claimed that hy¬ 
drogen cyanide was taken up by masses 
which no longer absorb hydrogen sulfide, 
and Poole stated that, on pa.^sage of an 
inert gas containing hydrogen cyanide 
through a thoroughly sulfided box, hydro¬ 
gen sulfide appeared in the exit gas. 
Feld^®® thought that ferrous sulfide did 
not absorb hydrogen cyanide, or at least 

483 Burschell, E., ihid., 36, 7-10 (1893). 

484 Poole, H., J. Gas Lighting, 70, 1234-6 
(1897). 


TABLE XXVI 


Change in Composition of Oxide in Gas Purifiers Caused by Cyanogen Retention 


Compound Fresh Mass Used Once Used Four Times Used Eight Times 

percent percent percent percent 

Ammonium ferrocyanide and 

ammonium cyanide . 1.00 3.00 4.40 

Ferric hydroxide 37.13 16.96 6.51 1.17 

Ferrous hydroxide 20.71 24.86 20.39 15.65 

Prussian blue .. .. 5.93 7.84 11.12 

Ammonium thiocyanate . 4.69 7.82 14.08 
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only slowly and by a secondary reaction 
involving oxygen. It is likely that he 
made his tests with old iron sulfide, which 
is rather inactive toward hydrogen cyanide. 
Knublauch*®® brought out this factor a 
number of decades before Feld’s work, but 
it has been emphasized in more recent 
years by Gluud, Klempt, and Brodkorb 
that only freshly prepared (amorphous) 
iron sulfide will react with hydrogen cy¬ 
anide; aged (crystalline) material will not. 

Be that as it may, the effect is that fer¬ 
rous cyanide is formed by either one or 
both of the following equations: 

Fe(OH )2 + 2HCN Fe(CN )2 -f 2 H 2 O 
FeS 4- 2HCN Fe(CN )2 + HaS 

The ferrous cyanide thus formed probably 
associates to form Fe 2 Fe(CN) 6 , Prussian 
white, which is easily oxidized by air to 
form Prussian blue, Fe 7 (CN)ig. It is also 
possible that the ferric oxide contained in 
the mass reacts with the Prussian white 
to give the blue form, for Gluud and Jacob¬ 
son have stated that both the blue and 
the white compounds are formed in dry 
boxes operated in the absence of air. The 
overall equation for these reactions is usu¬ 
ally written thus: 

4Fc(()H) 3 + 3Fo(()ll)2 + 18HCN 

Fe7(CN)i8 + I8H2O 

but it is doubtless a sum equation, since 
reactions of such high order are not readily 
conceivable. 

An outgrowth of the realization that fer¬ 
rous compounds are necessary for good cy¬ 
anogen absorption may be seen in some 
modern practices. Offe never used fresh 
mass exclusively when starting new boxes. 

485 Knublauch, O., Dinglers Polytech. J., 267, 
328 (1888) ; J. Gaabeleucht., 81, 374-5 (1888). 

486 Gluud, W., Klempt, W., and Brodkorb, P., 
Ber. Get. Kohlenteoh., 4, 61-72 (1982). 


He mixed fresh mass with regenerated mass 
in the ratio of 3 :1 and thus achieved a 
cyanogen removal of 99 to 99.5 percent 
and also much higher blue content than 
normal. Kaudela^®^ never mixed old and 
new mass, but preferred to give new puri¬ 
fying material an initial treatment with 
raw gas, followed by regeneration, before 
using it in the final box. However, he did 
not seem to obtain the excellent removal 
reported by Offe. 

Residual ammonia (pyridine, etc.) in the 
gas plays an important role in the oper¬ 
ation of the dry boxes. It both favors 
conversion of the iron oxides to ferrous 
sulfide and takes an active part in the 
cyanogen absorption. As a matter of fact, 
spent oxide contains not only Prussian blue 
but also one or several ammonia-iron com¬ 
plex cyanides. Bunte^®® pointed this out 
at an early date and tried to get to the 
root of it by determining the ratio of am¬ 
monia to cyanogen. The lack of differen¬ 
tiating analytical methods made his task 
impossible of fulfillment. Knowledge 
gained in investigations of liquid cyanogen- 
recovery systems ^®® allows the assump¬ 
tion that ferrous cyanide combines with 
ammonium cyanide to form complex com¬ 
pounds such as (NH 4 ) 4 Fe(CN)e and 
(NIl 4 ) 2 FeFe(CN)(j. These can then give 
rise to the formation of other iron-ammo- 
nia-cyanogen compounds in which the iron 
may be partly in the ferrous and partly in 
the ferric state. In any event, the pres¬ 
ence of ammonia in the gas facilitates the 
absorption of hydrogen cyanide by the 
oxide miisses, according to Bertelsmann; 
and for this reason it is perhaps fortunate 
that some ammonia (pyridine, etc.) always 
gets by the ammonia saturators. In many 

487 Kaudola, B., Gas- u. Waaserfach, 78, 110-2 
(1930). 

488 Bunte, H., J. Gaabeleucht., 81, 542-4 
(1888). 
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plants a certain amount is left in the gas 
intentionally. Murphy thought that 
the upper limit should be 6 grains per 100 
cubic feet. 

However, this practice should not be 
overdone, because a large amount of am¬ 
monia or strong fixed alkali in the oxide 
boxes gives rise to the formation of thio¬ 
cyanates, which are undesired in working 
up the “blue” content of the spent oxides 
and lessen correspondingly fixation of cy¬ 
anogen as “blue.” Bunte^®® first warned 
against it, and Leybold^®® also brought 
out its undesirability. BurschelH®® postu¬ 
lated that thiocyanate formation occurs in 
the fouling stage as well as in the regener¬ 
ation. Nothing can be done about forma¬ 
tion in the fouling stage, but formation in 
the regeneration can be cut down mate¬ 
rially if the mass is spread out and kept 
moist during regeneration, in order to 
avoid heating. He observed, incidentally, 
that though ammonia promotes the forma¬ 
tion of thiocyanate, it does not do so to the 
exclusion of “blue” production. Knub- 
lauch®<^ agreed completely with Leybold 
and Burschell and tabulated a large num¬ 
ber of analyses of spent oxides in support 
of his argument. In one analysis, the 
amount of thiocyanate was three times that 
of complex iron cyanides. Poole‘*®^ also 
pointed out that ammonia in the gas should 
be kept low to avoid the conversion of cy¬ 
anogen to thiocyanate, for which reaction 
the ideal conditions are given in the oxide 
box: the simultaneous presence of hydro¬ 
gen sulfide, sulfur, and ammonia. Other 
investigators who have called attention to 
this problem are Lewis,^^® Leybold in a 
later paperand especially Feld.'*®®- 
Feld prdbably overshot the mark when he 
asserted th£^t a high ammonia content of 

489 Leybold, W., ihid., 40, 774-6, 789-91, 803-6 
(1897). 

490 Feld,' W., ibid., 46, 228-9 (1903). 


spent oxide also denotes a high thiocyanate 
content; for, though his table of analyse^ 
seems to prove his point, other analyses of¬ 
fered by Bueb^*® certainly refute this as¬ 
sertion. However, the Bueb analyses are 
no argument against the validity of the 
general doctrine that ammonia promotes 
thiocyanate formation under the conditions 
of the oxide box. 

Where the removal of cyanogen from the 
gas is of paramount importance, or where 
thiocyanates are desired rather than Prus¬ 
sian blue, ammonia may be added to the 
gas in larger amounts. In the Williams 
process,®® oxide with at least 50 percent 
.‘sulfur is kept very moist by spraying, and 
the gas is passed through. The cyanogen 
is fixed avS thiocyanate, which dissolves in 
the descending liquor. An efficiency of 95 
to 98 percent is reached. Downing**’® left 
enough ammonia in the gas to take care 
of a cyanogen content of 20 grains per 100 
cubic feet and thus obtained a complete 
removal. 

Because of the comparative slowness of 
the reactions involving complex iron cy¬ 
anides, it has often been urged that oxide 
boxes be made amply big so that the gas 
current will be correspondingly slow. In 
this fashion a high “blue” content of the 
spent mash has been .vaid to be assured. 
Exponents of this school of thought were 
especially Leybold *®® and Feld.'*®® Ber¬ 
telsmann '*** did not think much of this 
idea. 

Additional pai)er& on the general subject 
of oxide purification recommended for 
study are those of Feld,'*®^ Clayton, Wil¬ 
liams, and Avery,*®® Geipert,*®® Briick- 

401 Feld, W., ibid., 46, 561- 7, 603 6. 629 32. 
642-5, 660-6 (1903). 

492 Clayton, R. H., Williaina, H. K, and Av^ry, 
H. B., Gas J., 190, 311-5 (1931) ; Gan World, 95. 
371-3 (1931). 

493 Oelpert, R., Gaa- u. Waaaerfach, 71, 76-9 
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ner,*®® and Thati.*®® The last paper deals 
with the subject of purification under high 
pressures. 

When the oxide masses have reached a 
sulfur content of about 30 to 50 percent 
they are discarded and sometimes worked 
up for their cyanide content or used in the 
manufacture of sulfuric acid. A very com¬ 
plete analysis of such a spent oxide was 
given by Williams and is reproduced in 
Table XXVII. The complexity of this ma- 

TABLE XXVII 

An Analysis of Spent Oxide 


Percent 

Free sulfur 44.70 

Moisture 17.88 

Ferric monohydrate 5.26 

Ferrous monohydrate 6.25 

Basic ferric sulfate 1.25 

Ferric ammonium ferrocyanide 3.80 

Ferrosoferric ammonium ferrocyanide 2.50 
Ferric pyridic ferrocyanide 1.20 

Organic matter peat fiber 4.68 

Tar 1.21 

Silica 1.05 

Naphthalene 0.72 

Pyridine sulfate 0.77 

Ammonium sulfate 2.06 

Calcium sulfate 0.12 

Ferrous sulfate 0.02 

Ammonium thiocyanate 1.30 

Sulfur otherwise combined 1.33 

Organic matter soluble in alkalies 

(humus) 1 • 54 


Combined water and loss (by difference) 2.36 

100.00 

lerial proves a great handicap to its proper 
utilization, and as a result innumerable 
schemes have been proposed for the recov¬ 
ery of its cyanide and sulfur content. In 
general, they fall into two main groups: 

(1928). BrUckner, H., ibid., 81. 882-8 (1938). 
Thau, A., Gas World, 100. No. 2826, Coking 
Sfct., 115-8 (1938). 


those which remove the sulfur first and 
then the cyanides, and those which recover 
the cyanides first and leave the sulfur be¬ 
hind. The first group offers the better 
conditions for a total recovery of all val¬ 
ues, but it is feasible only if sulfur, prices 
are sufficiently high and if plants are suf¬ 
ficiently large to warrant the costly equip¬ 
ment necessary for the handling and recov¬ 
ery of a highly inflammable solvent. Car¬ 
bon bisulfide still is the best solvent for 
the purpose, in spite of the ardent search 
for cheaper and less dangerous liquids 
of sufficiently high solvent power for 
sulfur. 

The reasons for the desirability of first 
removing the sulfur from the mass are very 
simple. Conversion of the insoluble com¬ 
plex iron cyanides of the spent oxide to 
water-soluble ferrocyanides (prussiates) re¬ 
quires the action of strong alkalies. Under 
these conditions, however, sizable amounts 
of the available “blue” are transformed to 
thiocyanates, which do not have much of 
a market and are therefore not usually 
wanted. Furthermore, the hauling of bal¬ 
last sulfur from the point of production of 
the mass to the chemical processing plant 
piles unnecessary freight charges on the 
end products, and the dragging of the sul¬ 
fur through the various stages of prussiate 
manufacture is cumbersome and uneco¬ 
nomical. 

In spite of these good reasons for an ini¬ 
tial removal of the sulfur, the larger quan¬ 
tity of spent oxides is worked up by proc¬ 
esses of the second group which are a com¬ 
promise between the desirable and the eco¬ 
nomically tolerable. They leave the sulfur 
in the mass, and they use alkali of such 
strength and in such manner that only a 
small amount of the “blue” is converted 
to thiocyanate. 

The process of Kunheim and Zimmer- 
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rnann,^*'^ which, according to Kohler,^®® is 
based on the ideas of Gautier and Bou¬ 
chard, is typical. The spent oxide is first 
treated with water in order to dissolve the 
soluble ammonia salts and the thiocyanates. 
For this purpose the mass is lixiviated sys¬ 
tematically in wooden filter vats, the water 
being left in each vessel for 12 hours, and 
the liquor being pumped from one to an¬ 
other. The final solution, containing 30 to 
40 grams of ammonia per liter, is distilled 
with lime to release its ammonia content; 
the resultant calcium thiocyanate usually 
goes to waste. After superficial air drying, 
the mass is mixed with an amount of hy¬ 
drated lime corresponding to the “blue” 
content found by analysis and brought into 
the filter vats for extraction with water. 
The lime decomposes the complex iron cy¬ 
anides with formation of calcium ferrocy- 
anide, and the final liquor contains the 
equivalent of about 120 to 140 grams per 
liter potassium ferrocyanide, with small 
amounts of calcium thiocyanate, gypsum, 
and tarry and other organic matter. In 
order to prepare pure prussiate from such 
impure liquor, its calcium ferrocyanide 
content is precipitated in the form of 
rather insoluble double cyanides such 
as calcium-potassium ferrocyanide, from 
which pure potassium ferrocyanide is then 
made by double decomposition with po¬ 
tassium carbonate. 

Those readers who desire further details 
about the many processes in existence for 
working up spent oxide masses are referred 
to the excellent books by Williams,Ber¬ 
telsmann,^*^ Kohler,*®® and Bossner.*®® 

494 Eunheim, H., and Zimmermann, H., 6er. 
Pat. 26.884 (1888). 

405 Kfihler, H., Die Industrie der Cyanverlind- 
ungen, F. Vieweg, Braunschweig, 1914, 200 pp. 

406 B(issncr, P., Die Verwertung der auage- 
brauchten Qasreinigungsmasaen auj Blutlaugen- 
sails, Ammoniak und Rhodanverbindungen, F. 
Deuticke, Vienna. 1902, 98 pp. 


Several papers and patents have been pub¬ 
lished since these books appeared in 
print.*^®' 

DIRECT RECOVERY OF CYANOGEN 

Although for many years the oxide box 
was the only means of recovering cyanogen 
from gas, the difficulties encountered and 
the incompleteness of removal brought 
about efforts to abstract it from the gas in 
more direct fashion. As has been pointed 
out above, only a little cyanogen remains 
in the ammonia liquor, the larger portion 
going on with the gas. Since the total 
available amount is very small to begin 
with, its recovery from ammonia liquor, 
though often attempted, has never become 
successful. Methods proposed aim at re¬ 
covery either as thiocyanates or as ferro- 
cyanides, and, owing to the low concentra¬ 
tion of the cyanogen compounds in the 
ammonia (still) liquors, recovery must be 
made as an insoluble compound. 

According to Spence,*®®- waste from the 
ammonia stills has been precipitated with 
a mixture of ferrous sulfate and copper 
sulfate, producing a precipitate of insolu¬ 
ble cuprous thiocyanate which will react 
with ammonium sulfide to furnish ammo¬ 
nium thiocyanate. Storck and Strobel*®® 
also made cuprous thiocyanate, l)ut they 
produced it directly from gas liquor, which 
they acidified and precipitated with cupric 
chloride and sodium bisulfite. J’arker and 

497 Anon., a as World, 67, 497 (1912). Ander 

son, W., Brit. Pat. 127,128 (1918). Grube, G., 
and Dulk, B., Z. angew. Chem., 38, 141-4 (1920). 
Szonibathy, K., Ger. Pat. 488,417 (1927). 

Brochr, H., Nedclmann, H., and Thomas, II., 
Brennstuff-Chem., 18, 201-9 (1932). Bertrand, 
M. F., Brit. Pat. 462,934 (1937). 

498 Spence, P., Ohem. News, 18, 119 (1868). 

490 Storck, F., and Strobel, C. H., Dinglers 

Polytech, J., 286, 166 (1880). Lunge-KOhler, 
Vol. 2, p. 421, of ref. 4. 
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Robinson conceived the method which 
even today is the best for preparing 
cuprous thiocyanate: precipitation with 
cupric sulfate and sulfur dioxide. Bow¬ 
er used cuprous chloride and precipi¬ 
tated from still waste a mixture of cuprous 
thiocyanate and copper ferrocyanide. 
Schdnfeld,®^- in more modern times, treated 
gas liquors with sulfur or sulfides in the 
presence of active carbon to convert their 
cyanogen content to thiocyanates, which he 
recovered by distillation. 

Grossmann based his proposal for 
making ferrocyanides from ammonia liquor 
on the suppos'ed fact that, when fresh, it 
contains only ammonium cyanide. He 
added a large excess of ferrous sulfide and 
ammonium sulfide, allowed the mixture to 
settle, distilled the liquor in the ammonia 
still in normal fashion, and precipitated 
the calcium ferrocyanide contained in the 
still waste as Prussian blue or as insoluble 
ferrous ferrocyanide. Basore advocated 
a hybrid scheme, according to which still 
waste was first treated with iron salts to 
remove ferrocyanides as insoluble ferrous 
ferro compounds, and then treated with 
ferrous sulfate and cupric sulfate to re¬ 
move the thiocyanates as the insoluble cop- 
})er salt. None of these process is of any 
commercial importance. 

The main emphasis of investigators in 
the field of cyanogen recovery has properly 
been placed on the gaseous phase. A very 
natural thought was simply to treat the 
gas with an alkali. However, the very 
large preponderance of carbon dioxide and 

500 Parker, T., and Robinson, A. B., Brit. Pat. 
2,388 (1890). Lunge-KShler, Vol. 2, p. 421, of 
ref. 4. 

501 Bower, H., Ger. Pat. 88,052 (1896) ; Brit. 
Pat. 361 (1896); Lunge-KOhler, Vol. 2, p. 421, 
of ref. 4. 

602 SchCnfeld, F., Fr. Pat. 638,035 (1927). 

503 Grossmann, J., Brit. Pat. 19,988 (1907) ; 
J. 8oc. Chem. Jnd.j 2T, 893 (1908). 

504 Basore, C. A., U. S. Pat. 1,323,239 (1919). 


hydrogen sulfide, and their greater acidity, 
make this next to impossible. Lime, as 
milk of lime, has been proposed on ac¬ 
count of its cheapness,®®® but it is difficult 
to see how it could be used in practice, 
except with an excessive loss of lime as 
calcium carbonate. This was probably 
realized by Taplay,^®’'* ®®® who proposed 
the use of chalk instead, and asserted that 
1 ton would clean 11 million cubic feet of 
gas. Broadhead ®®^ noted the purifying ef¬ 
fect of calcium carbonate in a calcium 
chloride gas-dehydration plant, finding the 
cyanogen content reduced from 21 to 5 
grains per 100 cubic feet. In view of the 
fact that calcium cyanide in aqueous solu¬ 
tion is hydrolyzed to a very large extent, 
it seems surprising that lime or chalk treat¬ 
ment has achieved any success at all. This 
reaction may be attributed to iron oxide 
or carbonate contained in the lime, which 
would be expected to combine with the cy¬ 
anogen to form complex calcium ferrocy¬ 
anide. These doubts are perhaps borne 
out by the findings of Liebknecht,®®® who 
stated that, when gas containing ammonia, 
carbon dioxide, and hydrogen cyanide is 
scrubbed with solutions of alkaline-earth 
salts, the cyanogen is not absorbed at all 
but passes oii with the gas and may be 
recovered by a caustic wavsh in a separate 
step. 

Another treatment of gas with lime came 
to the attention of the author of this chap¬ 
ter through several German patents laid 
out for public inspection, which have not 
issued. The proposal is at least of theo- 

505 McArthur, W., U. S. Pat. 933,097 (1909). 
Cl8«ot, E., and Deguide, C., Ital. Pat. 494,211 
(1919). 

506 Taplay, J. G., Oaa J., 155, 589-90 (1921) ; 
Oa8 World, 75, 234 (1921). Taplay, J. G., and 
Galbraith, W. L., Brit. Pat. 220,024 (1922). 

507 Broadhead, C. F., Gas J., 217, 217-8 
(1937). 

608 Llebknecht, O., U. S. Pat. 1,606,767 
(1926). 
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retical interest and deserves credit for be¬ 
ing novel. It contemplates passing the hot 
gases, above 600® C, over lime, magnesia, 
etc., forming calcium cyanide and from that 
calcium cyanamide, as expressed by the 
following equations: 

CaO + 2HCN Ca(CN )2 + H 2 O 
Ca(CN) 2 -^CaNCN + C 

It has been advocated repeatedly that 
caustic alkalies, such as sodium hydrox¬ 
ide,®®®* ®^® be used, but this suggestion 
could hardly be of any practical impor¬ 
tance. The use of ammonia, however, has 
at least the advantage of making the gas 
furnish its own alkali. According to 
O’Neill,it is possible to remove all the 
hydrogen cyanide from gas by washing it 
with an ammonia liquor under specified 
conditions. Davidson ®^‘- worked along the 
same lines, and Perna®^® determined the 
best operating conditions. There seems lit¬ 
tle doubt that, by proper dephlegmation of 
such ammoniacal liquors in the ammonia 
still, gases comparatively rich in hydrogen 
cyanide could be obtained. A combination 
treatment with lime slurried in ammonia 
liquor was offered by Ciselet and De- 
guide.®^^ 

By far the largest number of processes 
for the recovery of cyanogen from coal- 

509 Uaupp, H., and Thllo, J., Ger. Pat. 230,502 
(IBIO), Garner, J. B., Miller, R. W., and 
Shaner, G. A., U. S. Pat. 1,609,872 (1926). 
Gamer, J. B., and Shaner, G. A., Can. Pat. 
270.011 (1927). Claude, G., U. S. Pat. 1,717,761 
(1929). 

510 Heffner, L. W., and Tiddy, W., U. S. Pat. 
1,600,228 (1926). 

on O’Neill, J. G., Progressive Age, 30, 868-9 
(1912) ; J. Oasheleucht., fMJ, 304 (1913). 

5i2DovldBon, W. B. Brit. Pat. 23,696 (1912) ; 
Oils World, 58, 7 (1913). 

513 Perna, F., Plyn a voda, 0, 181 (1929); 
Paliva a Topeni, 11, 158 (1929) ; Chem. Ahs., 
24, 59T7 (1930). 

614 Cia£let, B., and Deguide, C., U. S. Pat. 
1,349,750 (1920). 


distillation gases is based on the readiness 
of iron to form numerous complex com¬ 
pounds with cyanogen. This property has 
already been referred to above in connec¬ 
tion with iron oxide purification, for which 
it is the basis. It Ls not surprising that 
people tried to utilize the reactions of the 
oxide box in a manner which allowed them 
a better control and moreover gave them 
better products. The primary aim was to 
produce directly the soluble Jerrocyanides 
usually obtained only by tediously working 
up spent oxides. Ortlieb and Muller, as 
reported by Willm,®^® were probably the 
first to use suspensions of iron oxides to 
remove hydrogen cyanide from a gas. 
They precipitated ferrous chloride with 
milk of lime and scrubbed with this slurry 
a gas made by thermal decomposition of 
methylamines, and containing considerable 
quantities of hydrogen cyanide. Knub- 
lauch ^®®* ®^® applied this principle to the 
gas industry, proposing as active agents 
the oxides, hydrates, carbonates, or sul¬ 
fides of alkalies, alkaline earths, and am¬ 
monia in mixtures with the oxides, hydrox¬ 
ides, or carbonates of iron, manganese, or 
zinc. He stated that, if the components of 
either group were in excess, insoluble iron- 
complexes might precipitate. In practice 
the only components used were ferrous sul¬ 
fate and sodium carbonate. Kniiblaiich’s 
process was not so successful as it deserved 
to be, perhaps because the industry was 
not ripe for it, perhaps because it was 
somewhat burdened by the fact that it did 
not make soluble salts to the exclusion of 
insoluble compounds. The insolubles ran 
as high as 20 percent of the total cyanogen. 
Feld,^®® in a beautiful study, pointed out 
that the insolubles were due to an admix¬ 
ture of ferric hydroxide, which is invariably 

616 Willm, E., Bull. soc. chim., (2), 41, 449-51 
(1884). 

516 Kniiblauch, O., Brit. Pat. 15,164 (1887). 
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formed when batches of ferrous hydroxide 
are made for storage. He advised adding 
the ferrous salt and the alkali to the scrub¬ 
bers as needed. When air was carefully 
excluded Feld was able to convert the hy¬ 
drogen cyanide to soluble ferrocyanide to 
the extent of 98.8 percent. He also blamed 
a deficiency of alkali for the formation of 
insolubles, a ratio of three moles of car¬ 
bonate to one mole of iron sulfate being 
necessary for -good operation. From the 
large number of equations given for the 
Knublauch process by Feld only these may 
be cited: 

Fe(OH )2 + 2 Na^iC 03 -f 6HCN -> 

Na 4 Fe(CN )6 + 4H2O + 2CO2 
(absence of air) 

4Fc(OH) 2 + 2Fe2(OH)6 + 2Na2C03 

-f 24HCN 

Fe 7 (CN)i 8 + Na 4 Fe(CN )6 + 2CO2 + 22H2O 

(presence of air) 

Strangely, Feld was of the opinion that the 
Knublauch process should be carried out 
after ammonia removal in order to avoid 
the formation of thiocyanate, an idea also 
brought forth by Leybold.*^® This opinion 
was thoroughly disproved by later investi¬ 
gators, though it is found again and again 
in papers and patents. 

Knublauch's contemporary Rowland 
removed cyanogen from gas by using its 
ammonia content as an alkali. He added 
soluble iron salts to the ammonia scrub¬ 
bers, thus forming soluble ammonium fer¬ 
rocyanide. Further addition of iron salt, 
just before distillation of the liquor, pre¬ 
cipitated insoluble ammonium ferroferrocy- 
anide. With this step, the Rowland proc¬ 
ess became in a way the forerunner of the 

aiT Rowland, W. L., U. S. Pat. 405,600 (1891). 


Bueb process, which will be discussed be¬ 
low. An almost identical scheme was pro¬ 
posed by Wilton.®^® 

Foulis®^® enlarged on the Knublauch 
process and deserves credit for having 
made a success of it. He precipitated fer¬ 
rous chloride solution with sodium or po¬ 
tassium carbonate, slurried the resulting 
mixture of ferrous hydroxide and ferrous 
carbonate in more alkali carbonate solu¬ 
tion, and scrubbed the gas with this slurry. 
The process was installed after ammonia 
removal, and Foulis insisted that this was 
essential. A special scrubber for the han¬ 
dling of the slurries involved, invented by 
him and Holmes,®'^® was widely adopted 
and imitated. A diagram of the Holmes 
washer is shown in Fig. 11.®-^ The Foulis 
process was discussed from a theoretical 
standpoint by Feld,'*^® and was briefly de¬ 
scribed by Hunt.®=^- An identical process 
was conceived independently by Lewis,^^® 
who gave his recovery as 3 to 4.5 pounds 
of sodium ferrocyanide per ton of coal car¬ 
bonized, and a similar scrubber has been 
described by Lewis and ("ripits.®-® Farmer 
and Somerville worked along the same 
line, but placed the ])rocess before the am¬ 
monia scrubbers; they seemingly used a 
deficient amount of soda ash. Tilling- 
hast ®-® received a patent on a special ratio 
of iron carbonate to sodium carbonate. 

The Knublauch-Foulis process had a 
very thorough trial by Jorissen and Rut- 

r.i8 Wilton. J. Ganhelcucht., 37, 108 (1894). 

519 Foulis, W.. Brit. Pat. 9,474 (1893) ; J. Qaa 
Lighting, «», 1053-4 (ISQl). 

520 Foulis, W., and Holmes, P., Brit. Pat. 
15,168 (1896). 

.521 Bortelsniunn, W., p. 226 of ref. 441. 

522 Hunt, J. Gasbelcucht., 40, 18-9 (1897). 

523 Lewis. (1. P., and Cripps, R. A., Brit. Pat. 
20,883 (1896). 

624 Fanner, W. J., and Somerville, J. M., Brit. 
Pat. 4,410 (1899). 

525 Tilliiiffhast, A. K., U. S. Pat. 1,252,741 
(1918). 
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reported that it worked 
very satisfactorily It was placed before 
the ammonia scrubbers and thus gave a 
20 percent higher yield This increased 
yield was doubtless due to the fact that 
no cyanogen was diverted to the ammonia 


of Feld**® They found between 16 and 
33 percent of the precipitated mixture of 
ferrous carbonate and hydroxide to be oxi¬ 
dized to the ferric form, and they noted a 
considerable production of insolubles which 
they found to contain Prussian blue, am- 



liquor In spite of the piesence of am- 
moma there was no appieciable formation 
of thiocyanates, and this finding is of gieil 
importance in view of the contrary opin¬ 
ions expressed by many workers in the 
field, including Feld On the other hind, 
as far as the formation of insolubles is 
concerned, Jorissen and Rutten cime to 
(onrlusions which are identical with those 

520 Rutten, J, Het Qaa, 22, 182 (1902) / 

Gas Ltghttng, SO, 879 82 (1902) 


moniuni feiioferrocyimde, pot iss uin feiio- 
ferroi \ inidf, and iron sulfide Ihe mix¬ 
ture wis decomposed with the aid ol caus¬ 
tic potish to give more potissiuni ferro- 
cyanide, which was added to the bulk of 
the product From time to time sodium 
sulfate was removed from the mother liq¬ 
uors, in which it slowly accumulated The 
authors gave considerable data on the in- 
terconversion of soluble and insoluble com¬ 
plex cyanides, and they specul ited quite a 
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bit on the reaction mechanism of the proc¬ 
ess. The consumption of raw materials 
per pound of potassium ferrocyanide was 
2 pounds iron sulfate, 0.9 pound sodium 
carbonate, 0.67 pound potassium carbon¬ 
ate, and 0.45 pound potassium hydroxide. 

A later description of the Knublauch 
process, erroneously ascribed to Rutten, 
was given anonymouslyThe pattern of 
the operation was about the same, except 
that the ferrous sulfate was precipitated 
with ammonia liquor, the hydroxide slur¬ 
ried in sodium carbonate solution, and so¬ 
dium ferrocyanide consequently produced. 
The insolubles were treated with soda ash 
and lime. 

An interesting application of the Knub¬ 
lauch process has been made by Piet- 
ers^472. B 28 fitted it into his hydrogen 
sulfide-removal process, in which he needed 
ferrocyanides. He treated the hot vapor 
coming from the ammonia still with solu¬ 
tions of sodium or potassium carbonate 
and ferrous sulfate (also metallic iron), 
thus forming the corresponding prussiates. 
The operating temperature was 95” C, and 
accordingly solutions of high concentra¬ 
tions, 500 to 600 grams per liter, were ob¬ 
tained. 

Attempts to overcome the troubles 
caused by the impurities introduced in the 
step of precipitating the original iron sul¬ 
fate were made by Coleman and by 

C27 Anon., Boll, assoc, ital. ind. gaz aegua^ 
1013, No. 4; Ind. chim., 13, 340-1 (1913); 
Chem. Aha., 8, 815 (1914). 

f>iiH Pieters, H. A. J., Ghcm. Eng. Congr., 
World Power Conf., 1036, Advance proof No. 
CIO, 12 pp.; Chem. Aba., 31. 3240 (19,37); 
Brennstoff-Ohem., 18, 373-6 (1937) ; Ger. Pats. 
646,192 (1937), 676,936 (1939) ; U. S. Pat. 2,- 
109,282 (1939). Pieters, H. A. J., Peiiners, K., 
and Hovers, J., Het Oas, 57, 306-14 (1937). 
Directie van do Staatsmijnon in Limburg and 
C. Otto & Co. G.m.b.H., Fr. Pat. 882,955 (1938) ; 
Brit. Pat. 497,331 (1938) ; Chem. Abs., 33, 3977 
(1939). 

629 Coleman, W. H., Brit. Pat. 27,908 (1912). 
Hempel, H., Ger. Pat. 404,428 (1923). 


Hempel.®^® Coleman proposed using na¬ 
tive iron ores in alkaline suspension as the 
scrubbing agent; Hempel used finely di¬ 
vided metallic iron. HempeFs idea would 
seem particularly appropriate, since iron is 
so easily attacked by hydrogen sulfide as 
well as by hydrogen cyanide. 

Since iron sulfide is invariably formed in 
the Knublauch process, Johnson®*® pro¬ 
posed to treat the original iron compound, 
e.g., sulfate, with an alkali ferrocyanide, 
thus producing what he thought to be fer¬ 
rous cyanide (in reality probably an alkali 
ferroferrocyanide), which was then sup¬ 
posed to be used in alkaline suspension for 
the further cleaning of gas, and no iron 
sulfide was to be formed. This proposal is 
probably based on Feld’s finding that 
ammonium ferroferrocyanide behaves like 
any other ferrous compound, reacting with 
hydrogen cyanide and forming ammonium 
ferrocyanide: 

(NH4)2FeFe(CN)6 + 6NH3 -f 6 HCN 

2(NH4)4Fe(CN)6 

Tillinghast also wanted to use sodium 
ferroferrocyanide for the absorption stage, 
but his purpose was not to avoid the for¬ 
mation of iron sulfide. He wanted to 
utilize mother liquors from the manufac¬ 
ture of crystallized sodium ferrocyanide 
and proposed to precipitate them with cop¬ 
peras solution, reintroducing the insoluble 
complex into the gas-scrubbing stage to¬ 
gether with fresh iron carbonate. Espen- 
hahn cleverly combined this scheme 
with the well-known liberation of hydrogen 
cyanide from ferrocyanides with the aid of 

!»30 .Tohnson, J. Y., Brit. Pat. 5,776 (1906). 

681 Feld, W., J. Qasbeleucht., 47, 182-6, 157-9, 
179-84 (1904). 

532 Tillinghast, A. R., U. S. Pat. 1,262,742 
(1918). 

683 Espenhabn, E. V., U. S. Pat. 1,815,219 
(1919); U. S. reissue 16,090 (1921); Brit. Pat. 
109,254 (1917) ; Can. Pat. 189,864 (1919). 
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strong acids, in an effort to recover the 
cyanogen of the gas in its most valuable 
form, as hydrogen cyanide. He washed 
gas with a slurry of sodium ferroferrocy- 
anide in concentrated sodium carbonate so¬ 
lution, whereby sodium ferrocyanide was 
formed: 

Na^5FeFe(CN)6 -f Na2C08 + H 2 S 

Na 4 Fe(CN )6 + FeS -h H 2 O + CO 2 
FeS -f- 6HCN + 2 Na 2 C 03 

Na 4 Fe(CN )6 + HaS -f 2CO2 + 2H2O 

The solid sodium ferrocyanide obtained on 
crystallization was decomposed with sul¬ 
furic acid to yield hydrogen cyanide and 
insoluble ferroferrocyanide, which went 
back into the system 

2Na4Fe(CN)6 + 3 H 2 SO 4 

Na 2 FeFe(CN )6 + 3Na2S()4 -h 6HCN 

According to the inventor’s paper on the 
subject®^ about 1 pound of hydrogen cy¬ 
anide per ton of coal carbonized is recov¬ 
ered by his jjrocesb. The pajier gives a 
good survey of the economics of the cy¬ 
anide industry in general and of the Espen- 
hahn process in particular. 

A very similar proposal was advanced by 
Sperr,“'*^ the only difference being the use 
of sodium bisulfate instead of sulfuric acid 
and the conversion of the byproduct so¬ 
dium sulfate to sodium carbonate. A num¬ 
ber of patents and a paper relating to the 
subject of the production of soluble ferro- 
cyanides from distillation gases, but with¬ 
out special significance, are merely referred 
to here.®^® 

r>34 Sp^TF, F. W., Jr., Can. Pat. 232,000 (1023) ; 
U. S. Pat. 1,524,113 (1925). 

.'>36 Lt*ssing, R., Brit. Pat. 2,090 (3907). 

Wright, W. H., U. S. Pat. 1,259,702 (1918). 
Deggemond, A., and Delclfeve, A. H., Brit. Pat. 
181,719 (1922). Delclfeve, A., Chimie d indus- 


In the foregoing processes the recovery 
of pure ferrocyanides from the technical 
liquors containing impurities such as so¬ 
dium sulfate, sodium chloride, sodium car¬ 
bonate, and others is a job requiring great 
care and a knowledge of solubility condi¬ 
tions. The following references should be 
of help. Petri made the potassium salt 
by double decomposition of sodium ferro¬ 
cyanide with potassium chloride, obtaining 
a yield of 96 percent. Conditions of tem¬ 
perature and concentration are specified in 
his patent. Boberg stiirted from a solu¬ 
tion containing prussiate and carbonate, 
evaporated at 80“ C until concentrated, 
and crystallized after cooling to 35“ C. 
Dominik contributed a splendid phase- 
equilibrium study on the System Na 2 S 04 - 
Na 4 Fe(CN)y. The latter salt shows a 
minimum solubility at 32“ C. Above this 
temperature juire prussiate can be ob¬ 
tained; crystals formed below it are con¬ 
taminated with sulfate. In a later study, 
the same author worked out diagrams for 
the system K 4 Fe(CN)„-Na 4 Fe(CN) 6 -KCl- 
NaC’l, in water and in alcohol. The prol)- 
lem involved is the production of the jk)- 
tassium from the sodium salt. Farrow 
determined the solubilities and densities of 
sodium, potassium, and calcium ferrocy¬ 
anides. Naamlooze-Veimootschap Stikstof- 

trie, 10, 632-5 (1923). Coulier, S., U. S. Pat. 
1,604,565 (1920). Hamburger Gaswerke G.m. 
b.H., Fr. Pat. 692,868 (3930). Brandt, R., Brit. 
Pat. 349,692 (3930) ; U. S. Pat. 1,855,090 

(1932). 

r.3e Petri, C., Ger. Pat. 212,698 (1907). 

^37 Boberg, T., and Techno-Cbemical Labora- 
tnrieg. Ltd., Brit. Pat. 108,692 (1916). Boberg, 
T., ran. Pat. 186,184 (1918). Techno-Cbemieal 
Laboratoriefi, Norw. Pat. 29,543 (1919). 

Doniinik, W., Przcmyffl Ghem., 6, 317-27 
(1922) ; Chem. Abs., IR, 1773 (1924). 

.'»3n Dominik, W., Przemyffl Ghem., 8, 97-108 
(1924); Ghem. Ahs., 18. 3558 (3924). 

.••40 Farrow, M., J. Ghem. 8oc., 129. 49-55 
(1926). 
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bindingsindiistrie found that the solubil¬ 
ity of sodium ferrocyanide in water is de¬ 
pressed very much by the addition of a 
mixture of sodium carbonate and hydrox¬ 
ide. This makes possible a rather high end 
temperature of the process of cry.stalliza- 
tion. Friend, Townsley, and Vallance®^^ 
determined the solubility of Na 4 Fe(CN )6 
in water between 0 and 104“ C, and they 
compared their values with those previ¬ 
ously reported in the literature. Fleisher 
and collaborators made extensive equi¬ 
librium studies in the systems Na 4 Fe(CN)fi- 
NaCl-Na2C0H-Na.S04-H20, Na4Fe(CN) g- 
NaCl-ILO, and K 4 Fe(CN),.-K 2 C 03 -K 2 S 04 - 
ILO. They came to the interesting con¬ 
clusion that the crystallization of 
Na 4 Fe(CN)fl is more complete from a 
ternary or quaternary system containing 
sodium chloride, and they advocated for 
this reason the use of ferrous chloride. 

As has already been pointed out above, 
the great disadvantage of the Knublauch 
process and its various modifications is the 
fact that it does not produce soluble ferro- 
cyanides exclusively. This necessitates 
working up two different products, which 
IS inconvenient and costly. Feld pointed 
out that with proper ratios of alkali and 
ferrous hydroxide and with exclusion of 
air the formation of insolubles could be 
prevented. However, air could not be ex¬ 
cluded in the Knublaiich-Foulis process, 
because oxidation was inevitable when the 
ferrous hydroxide was prepared separately. 
On the other hand, if ferrous sulfate and 
alkali carbonate were added directly to the 
scrubber the product was so badly con- 

641 Naamlooze-Vcnnootschap Stikstofbindings- 
indu»trie “Nederland,” Dutch Pat. 13,904 (1925). 

542 Friend, .1. A. N., Townsley, J. E., and 
Vallance, R. H., J. Chem. 80c., 1029, 2326-30. 

648 Fleisher, N. A., and Osokoreva, N. A., 
Trana. State Inat. Applied Chem. (V.S.S.R.), 
No. 26, 23-38, 38-47 (1935). Fleisher, N. A., 
and Plakslna, E. P., ibid.. No. 26, 48-51 (1935) ; 
Chem, Aba,, 20, 8246 (1935). 


taminated by sodium sulfate that the re¬ 
covery of a pure prussiate was jeopardized. 
Feld ®'*^ proposed to overcome these 
difficulties by using lime as the alkali; the 
iron sulfate could then be added directly 
to the scrubbers, since the calcium sulfate 
thus formed would precipitate and be 
eliminated by filtration. He found that 
even calcium carbonate reacts with hydro¬ 
gen cyanide, though more slowly than the 
free base, so that the carbon dioxide of 
the gas does not interfere too much. His 
jirocess was based on the equation: 

FeS 04 + 3 Ca(OH )2 + 6 HCN 

Ca2Fe(CN)6 + CaS04 + 6H2O 

and did, indeed, produce only a soluble 
ferrocyanide. Inasmuch as calcium ferro¬ 
cyanide lends Itself ideally to the produc¬ 
tion of other pnissiates by simple reac¬ 
tions with carbonates, it is probably bet¬ 
ter suited to the needs of the gas industry 
than any other salt. 

In a later modification of his process 
Feld®*® tried to avoid the formation of 
iron sulfide by first precipitating iron sul¬ 
fate with calcium ferrocyanide and using 
the insoluble iron-cyanogen complex as the 
scrubbing agent: 

2 FeS 04 -f- Ca2Fe(CN)6 

3 Fe(CN )2 + 2 CaS 04 
3 Fe(CN )2 + 6 Ca(OH )2 -h 12 HCN 

3Ca2Fe(CN)6 + 12 H 2 O 

This modification eliminates dragging gyp¬ 
sum through the whole process, a distinct 
technical advantage. It is doubtless the 
basis for the proposal of Johnson,®®® to 
which reference has already been made, if 
indeed it is not identical with it. 

544 Feld, W., Ger. Pat. 144,210 (1902). 

54.'>Feld, W., Ger. Pat. 178,635 (1905); Fr. 
Pat. 365,410 (1906) ; U. S. Pat. 832,466 (1906). 
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Feld^s calcium ferrocyanide process was 
tried out in a German gas plant with genu¬ 
ine success, having been in continuous op¬ 
eration with only minor changes. A short 
description of it was given by Wolfram,®^® 
and an elaborate one by Stief,®*® These 
authors reported the cyanogen removal to 
be 95 and 80 percent, respectively. 

A further modification of his process, 
which, however, never became successful, 
was suggested by Feld in a paper ®®^ and 
several patents.®^^ It was inspired by his 
efforts to prevent thiocyanate formation in 
cyanogen-recovery processes working on 
gas containing ammonia. He planned to 
counteract the ammonia by having present 
in his scrubbing liquors- salts capable of 
binding excess ammonia, as expressed in 
the following equations: 

FeS 04 + 8 CaCl 2 + GHCN + I6NH3 

4" OCO 2 —> 

Ca 2 Fe(CN)fl + iriNn 4 Cl -f OCaCOj 
2 MgCl 2 + 4NH3 + 2CO2 4 - 2H2() 

2MgC()8 4- 4NH4CI 
2MgC03 4- Fe(OII )2 + 6 HCN 

Mg 2 Fe(CN )6 4- 2C()2 4- 4H2() 

Since this suggestion represents a sort of 
Solvay ammonia-soda process, a proper ra¬ 
tio of ammonia and carbon dioxide is nec¬ 
essary and must be maintained, e.g., by 
addition of ammonia from the stills. Ac¬ 
cording to Bertelsmann,^^^ Feld even ex¬ 
tended the process to the utilization of so¬ 
dium sulfate, using a solution of Glauber's 
salt and copperas as a scrubbing agent, 
and making ammonium sulfate and sodium 
ferrocyanide. 

In another modification, Feld ®^® sought 

846 Wolffram, H., Z. angevo. Chem., 24, 513 -4 
(1911). Stief, F., Gas- u. Waaaerfach, 83, 49-52 
(1940). 

647 Feld, W., Ger. Pats. 161,820 (1902), 162,- 
419 (1904). 


to remove cyanogen and ammonia from the 
gas simultaneously by scrubbing it with 
solutions or suspensions of such salts—e.g., 
alkalies, alkaline earths—^as will form with 
ammonium salts double compounds of the 
ferrocyanide type. One such compound is 
Ca(Nn 4 ) 2 Fe(CN)(j. In other words, Feld 
purposely made the insolubles so carefully 
avoideil in the Knublauch-Foulis process, 
and with this process actually approached 
Bueb's idea, which will be presented below 
in detail. 

The problem of making calcium ferrocy¬ 
anide from coke-oven gas remained dor¬ 
mant for several decades, probably on ac¬ 
count of the high carbon dioxide content 
of the gas, which always causes loss of lime 
by conversion to calcium carbonate. More 
recently, however, it has been taken up 
again by Schreiber,®^® who utilized the 
final cooler water rather than the gas itself. 
Schreiber washed the gas with cold water, 
after ammonia removal, which absorbs all 
the hydrogen cyanide. The aqueous solu¬ 
tion was blown with a circulating quantity 
of purified gas or air, from which the hy¬ 
drogen cyanide was abstracted by means 
of lime and ferrous sulfate. When air was 
used, the ferrous sulfate was added to the 
dilute solution of calcium cyanide in a sep¬ 
arate step, out of contact with the air, in 
order to prevent thiocyanate formation and 
oxidation to ferric compounds. The 
Schreiber process cleverly utilizes the high 
solubility of hydrogen cyanide in water in 
a way particularly suitable to coke-oven 
practice and has been in large-scale use. 
Two patents belonging in this group, but 
adding nothing of real value, are merely 
referred to here.®®® 

548 Feld, W., Ger. Pat. 214,602 (1907). 

549 Schreiber, F. D., U. S. Pats. 2,110.244, 
2,113,002 (1938). 

550 Cis^let, B., and Deguide, C., Brit. Pat. 
9,780 (1916). Hood, J. J., Brit. Pat. 144,898 
(1919). 
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To those who must deal with the prob¬ 
lem of calcium ferrocyanide and its con¬ 
version to other prussiates, two recent ref¬ 
erences may be of interest. Farrow has 
given its solubility in water from 24.9 to 
99.7® C, and de Mesmacker has dis¬ 
cussed its conversion to sodium and jjotas- 
sium ferrocyanide with the aid of sylvinite. 

While Feld had attempted to overcome 
the problem of insolubles in the Knu])lauch- 
Foulis process by adjusting its operation in 
such a fashion that they could not be 
formed, his contemporary Bueh ^sed 
the opposite approach and strove to make 
them, to the exclusion of soluble prussiates. 
At the same time Bueb wanted to u^e the 
alkali contained in the gas itself: ammonia. 
Since the insolubles were to be lillered off, 
contaminating soluble salts, unlike the so¬ 
dium sulfate in the Foulis process, could be 
eliminated without difficulty. 

Bueb^s process contemplated washing the 
gas, before the ammonia was removed from 
it, with a strong ferrous sulfate solution 
under such conditions that an excess of 
ferrous compounds was maintained at all 
times. In the beginning, the copperas was 
converted to iron sulfide 

FeS 04 + 2 NH 3 + Il2S 

FeS 4- (NH 4 ) 2 S 04 

which reacted with the hydrocyanic acid 
of the gas, forming ferrous cyanide and 
ammonium ferroferrocyanide: 

FeS -f 2 XH 3 + 2HCN 

Fe(CN )2 + (NH 4)28 

2FeS + ONHs + 61ICN 

(NH4)2FeFe(CN)6 + 2(NH4)2S 

At this point the Bueb process really has 
come to an end, for, if the reaction mix- 

681 De Mesmacker, A., Fr. Pat. 726,425 (1931). 

662 Bueb, J., Ger. Pat. 112,459 (1898). Brit. 
Pat. 9,076 (1899). 


ture is left any longer in the scrubber, the 
gas will act on it with the formation of 
iron sulfide and soluble ammonium ferro¬ 
cyanide: 

Fe(CN )2 + 4NH8 + 4HCN 

(NH 4 ) 4 Fe(CN )6 

(NH4)2FeFe(CN)2 + 6 NH 3 + 6HCN 

2 (NH 4 ) 4 Fe(CN )6 

(NH4)2FoFe((^N)6 + 2 NII 3 + H 2 S 

(NH4)4Fe((^N)6 + FeS 

However, as in practice it is next to im¬ 
possible to avoid entirely the* formation of 
soluble prussiate, the final sludge was 
boiled, according to Bueb’s original ideas, 
and the above reaction is reversed. 

The mechanism of the Bueb process was 
investigated most thoroughly by Feld,^®®* 
to whom we owe a great deal for his pains¬ 
taking work, even if some of his theories 
have proved to be untenable. He ana¬ 
lyzed mud from various sections of the 
Bueb washer and thus followed the grad¬ 
ual conversion of iron sulfide via the in¬ 
soluble iron-ammonium-cyanogen com¬ 
plexes to the end product, the soluble am¬ 
monium ferrocyanide. The final mud he 
found to contain about equal amounts of 
soluble and insoluble' compounds. Con¬ 
cerning Bueb’s suggestion of insolubilizing 
the mud by boiling, Feld ascertained that 
such a procedure was ineffective, since 
some soluble material always remained in 
the ammonium sulfate liquor. This gave 
rise to trouble from discoloration when it 
was made into solid sulfate, as Rutten 
also had occiision to find out. Moreover, 
boiling of the mud caused considerable loss 
of hydrogen cyanide, and Feld therefore 
advocated adding ferrous sulfate or sulfuric 
acid: 

(NH4)4Fe((^N)6 -h FeS -h H 2 SO 4 

(NH4)2FcFe(CN)6 + (NH4)2S04 + RS 
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(NH4)4Fe(CN)6 + FeS04 

(NH4)2FeFe(CN)6 + (NH4)2S04 

He contended that by properly adjusting 
the conditions of mud treatment it is even 
possible to eliminate completely the ammo¬ 
nia from the solid phase and to produce 
only Fe 2 Fe(CN)e. To obtain a better 
utilization of the iron, Feld suggested work¬ 
ing as much as possible toward the soluble 
ammonium ferrocyanide by using more di¬ 
lute ferrous sulfate solutions and by leav¬ 
ing the slurry in the washers for a long 
time. However, this would defeat the very 
purpose of the Bueb proposal. 

Feld’s fear that under the conditions of 
the Bueb process a lot of thiocyanate 
would be formed proved unfounded in prac¬ 
tice. It is safe to say that, as long as oxy¬ 
gen is kept out of the gas, thiocyanate for¬ 
mation will be negligible. 

Nauss*®^’®®® also investigated the Bueb 
process, chiefly from the standpoint of the 
relative quantities of cyanogen and am¬ 
monia, and agreed in general with Feld’s 
ideas. Keppeler also considered {NH 4 ) 2 - 
FeFe(CN)6 to be the main constituent of 
blue mud, and his conceptions of the re¬ 
action mechanism are in line with those of 
Feld. He found the mud to contain from 
10 to 35 percent of solubles. Hand and 
Ost and Kirschten,®®® however, came to 
different conclusions. On the strength of 
an analytical study of many finished muds 
—in particular of their cyanogen-ammonia 
ratio—they postulated that the major com¬ 
ponent is a double salt (NH 4 ) 2 Fe(CN) 4 . 
A general consideration of the chemistry of 
complex iron-cyanogen compounds makes 
the existence of this compound highly 

553 Nauss, O., J. Gatihclcucht.f 40, 229-30 
(1903). 

554 Hand, A., Z. angew. Chem., 18, 1098-100 
(1905). 

555 Ost, H., and Kirscbten, C., ibid.^ 18, 1323-4 
(1905). 


doubtful. As to the quantities of soluble 
and insoluble materials in the muds. Hand 
considered a ratio of 1 : 2 a normal one. 
Guillet ®®® is another author who studied 
the Bueb process. Bueb, from whom il¬ 
lumination on his own process should have 
come, unfortunately remained silent. In¬ 
stead, he engaged in a fruitless polemic 
with Feld on points of minor importance.'*^® 

The actual operation of the Bueb proc¬ 
ess is usually carried out in a special hori¬ 
zontal scrubber, designed to handle thick 
slurries. It is based on the principle of 
the Holmes washer and is shown diagram- 
matically in Fig. 12. 

According to Bueb,**® a concentrated 
copperas solution (28 percent) is charged 
to the bust section of the scrubber, i.e., 
countercurrent to the gas flow. The gas, 
which is here devoid of hydrogen cj'anide 
but still contains ammonia and hydrogen 
sulfide, prec'ipitates iron sulfide and forms 
ammonium sulfate. In the next section 
the iron sulfide is decomposed by the hy¬ 
drogen cyanide, with liberation of hydrogen 
sulfide, and formation of the ammonium- 
iron-cyanogen comiilcxps. The fir>t section, 
where the ga^ enters, supposed to be 
substantially free of iron sulfide. Accord¬ 
ing to Bueb, its contents are yellow to 
brown in color and have a cyanogen con¬ 
tent of 13.5 percent (reckoned as Prussian 
blue), and an ammonia content of 0 to 7 
percent. Such a light-colored jiroduct will 
oxidize in the air and turn blue, and there¬ 
fore it is usually referred to in America 
as “blue mud.” The mud is moved at regu¬ 
lar intervals from one section to another, 
finished mud being discharged from the 
first .section, and copperas solution lieing 
filled into the last one. 

The finished mud is sold for its cyano¬ 
gen and ammonia content, but in some 

566Gulll<*t, O., J. Gasbeleucht., 4«, 120 (1903), 
47, 208-9 (1904). 
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plants it is processed further in order to 
leave the ammonia with the coke plant or 
gasworks, and to save transportation costs 
where long haulage is necessary. Accord¬ 
ing to Bueb, the slurry is simply boiled 
and then filtered, yielding an impure am¬ 
monium sulfate solution and a filter cake 
containing about 30 percent “blue,” equiv¬ 
alent to 44 percent yellow prussiate. 


plants break even and some make a little. 
The chief complaint has been that the am¬ 
monia contained in the mud was paid for 
by the chemical factories at a rate consid¬ 
erably lower than that for ammonia liq¬ 
uor, the product, almost exclusively made 
by the gasworks. Since about one-third 
of the total ammonia production of the gas 
plants operating the Bueb process went 



Fig. 12, Bueb scrubber. 


Numerous reports on the Bueb process 
have api)eared in the literature 

440. 447, 41^0, 4 :>' 2 , 407. 475. 470. .'i.’ifl. .’.57 The pa¬ 

per by Mueller is noteworthy because it 
give^ a detailed account of an American 
Bueb installation. It i.«< replete with theo¬ 
retical considerations, literature reference.^, 
jiictures, and operating data. From a 
study of these reports it apjiears that a 
96 jiercent cyanogen removal from the gas 
can be achieved without difficulty. As far 
as economics are concerned, most authors 
agree that little money is to be made from 
the process, aside from the intangible liene- 
fits derived from a cleaner gas; some 

557 Bueb, J., J. Gaibeleucht., 44, 115 (1901); 
Kortlni?, ibid., 46, 1080 (1903), 47. 45-tJ (1904). 


into the mud, such a price differential en¬ 
tailed heavy losses. Today, at the pre¬ 
vailing lo\v ammonia prices, this consider¬ 
ation should be of no moment. Moreover, 
many modern coke plants are of sufficient 
size to make feasible a conversion of the 
blue mud to prussiates at the point of pro¬ 
duction. 

To work up blue mud, it is generally 
boiled w ith lime, wdiereby all the ammonia 
is expelled and calcium ferrocyanide is 
formed. After filtration from the gypsum, 
the prussiate solution is treated with so¬ 
dium sulfate, or, better, carbonate, solution; 
the calcium sulfate or carbonate is filtered 
off; and the sodium ferrocyanide solution 
is concentrated and crystallized. Potas- 
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sium salt is usually made by adding potas¬ 
sium chloride to the calcium solution, 
whereby the insoluble double salt calcium 
potassium ferrocyanide is precipitated. 
This is easily converted to the potassium 
compound by treatment with potassium 
carbonate. 

It is perhaps of interest to note here 
that the practical success of the Bueb 
process led to a patent fight in which 
Bueb’s patent was attacked as invalid be¬ 
cause of the older one of Knublauch, in 
which Knublauch specified ammonia as one 
of the useful alkalies. The suit was de¬ 
cided in favor of Bueb, largely because he 
had made ammonia a conditio sine qua 
non, whereas Knublauch merely mentioned 
it as permissible. 

Antagonistic as Feld was toward the 
Bueb process, he nevertheless used its prin¬ 
ciple in his earliest process for the simul¬ 
taneous removal of ammonia and hydro¬ 
gen sulfide from gas.®” It may be remem¬ 
bered from the ammonia section of this 
chapter that Feld scrubbed the gas with 
solutions of iron polythionates. From 
these solutions, iron sulfide is precipitated 
by the gas just as from the solution of any 
other iron salt, and the iron sulfide in turn 
reacts with the hydrogen cyanide of the 
gas to form soluble and insoluble ainmo- 
nium-iron-cyanogen compounds. The sol¬ 
uble cyanide is precipitated by a careful 
addition of iron salt, and the insolubles are 
filtered off. They consist, just like the 
Bueb mud, of iron sulfide, iron cyanide, 
and ammonium ferroferrocyanide. On 
treatment with sulfur dioxide the iron sul¬ 
fide is dissolved as polythionate (thiosulfate 
and tetrathionate), and the ammonia is re¬ 
moved from the cyanogen complexes .as 

ans Knublauch, O., and Bueb, J., ibid., 441, 
769-71 (1903). 

6.19 Feld, W., Ger. Pat. 244,487 (1910). 


ammonium sulfite, leaving Prussian blue be¬ 
hind. 

Other patents belonging to this group 
are those of Bertelsmann and Becker®” 
and of Coleman.®®^ They are not impor¬ 
tant. 

An excellent general paper by Gluud, 
Klempt, and Brodkorb*” on the reasons 
for the frequently observed poor iron utili¬ 
zation in cyanide scrubbers and low yields 
of ferrocyanides is recommended for study. 

These cyanogen-recovery processes are 
all based on the faculty of iron for form¬ 
ing numerous and stable complexes. Natu¬ 
rally the question arises whether closely re¬ 
lated elements, such as cobalt, nickel, and 
manganese, have been proposed for the 
same purpose. They have been, but no 
such suggestion ever got beyond the ex¬ 
perimental stage. 

Even Knublauch, in his old patent,®^® 
mentioned that manganese and zinc could 
be used instead of iron, but this remained 
just a suggestion. Feld ®^®' ®°^ advocated in 
a number of patents the use of manganese, 
zinc, and lead. Though not practical, his 
suggestions .are of theoretical interest and 
will be discu.^.sed below under the heading 
of hydrogen cyanide production from gas. 
Bergh ®’*- j)r()i)osed cleaning coal gas with 
the aid of the Ii(|uid residues from copper 
extraction, which contain zinc, iron, and 
sodium chloride. A mixture of sulfide and 
cyanide is produced, which is separated by 
the addition of a weak alkali. Sperr ®®® 
washed the gas with a solution of sodium 
zincate, thereby producing sodium zinc cy¬ 
anide and zinc sulfide. The cyanide com- 

.loo Bertelsmann, W., and Becker, A. C., Oer. 
Pats. 415,206 (192.3), 478,676 (1927). 

.*>0] Feld, W., Ger. Pats. 141,624 (1904), 176,- 
746 (1906). 

r.a2B,.rffh. C. A., Ger. Pat. 272,094 (1912)-; 
OoH World, 60. 620 (1914). 

668 Hperr, P. W., Jr., U. S. Pat. 1,218,429 
(1927). 
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plex was destroyed by the addition of 
sodium sulhde, and sodium cyanide was 
recovered from the solution. 

More knowledge is available concerning 
the use of nickel salts. Gluud and Riese 
wrote an interesting paper on this subject 
and also patented the process. According 
to these authors nickel salts remove hydro¬ 
gen cyanide from gases by first forming a 
sulfide and finally a double cyanide: 

NiS + 2 NH 4 CN -► (NH 4 ) 2 S -h Ni(CN )2 
Ni(CN )2 + 2 NH 4 CN -► (NH 4 ) 2 Ni(CN )4 

This reaction is analogous to the corre¬ 
sponding iron reaction, except that only two 
ammonium cyanide moles are built into 
the complex, against the four moles for 
iron. The presence of ammonia in the gas 
is apparently detrimental, giving rise to 
thiocyanate formation by rearrangement of 
the nickel complex, and therefore soda or 
potash is preferred as the alkali. Since 
their nickel-cyanogen complexes show 
much greater solubilities, they are techni¬ 
cally more desirable anyway. The solid 
salts NaoNi(CN )4 or K 2 Ni(CN )4 can be 
readily separated from the spent liquors by 
crystallization, but the recovery of the 
nickel salt from them is not as yet com¬ 
mercially feasible. An important advan¬ 
tage of the process is that the carbon di¬ 
oxide of the gas does not destroy the com¬ 
plexes. 

FOUMATION OF COMPLEX COPPER SALTS 

Of much greater importance, and en¬ 
dowed with better economic prospects, is 
the use of copper and copper salts. It was 
first proposed by von der Forst ''®® and is 
based, as are all the other suggestions men- 

C04 Gluud, W., and Riese, W., Ger. Pat. 651,- 
074 (1929) ; Ber, Get. Kohlentech., 3, 437-61 
(1931). 

865 Vou der Forst, P., Ger. Pat. 182,084 
(1906). 


tioned in this chapter, on the formation of 
complex salts. According to the inventor, 
the end product is much purer than the 
corresponding iron compounds. In carry¬ 
ing out the process, the copper salt solu¬ 
tion is allowed to flow, drop by drop, into 
an alkaline-earth or alkali hydroxide or 
ammonia solution through which the gas 
being treated flows; thereby a precipitation 
of copper sulfide is prevented, and a com¬ 
plete absorption of the cyanogen is effected 
in a clear solution. As an alternative, me¬ 
tallic copper is placed around the openings 
from which the gas issues. When ammonia 
liquor is used in the process it should con¬ 
tain over 3 percent ammonia. The com¬ 
pounds formed, according to Gluud and 
Jacobson ,12 are NH 4 CN-CuCN or (NH 4 ) 3 - 

Cu(CN)4. 

A number of modifications have been 
suggested in subsequent patents.®®^ The 
concentration of ammonia in the cyanogen 
scrubber was increased by adding ammonia 
from the stills, and the total outlay for 
copper salts was reduced by using copper 
ores, residues from copper smelting, and 
especially the copper cyanide which re¬ 
mained after working up the copper-cyano¬ 
gen complex into hydrogen cyanide and 
ammonium sulfate with the aid of sulfuric 
acid. A patent to the Gesellschaft fiir 
Kohlentechnik ®°’^ contemplated converting 
this residual copper cyanide to ammonium 
tliiocyanate with the aid of copper sulfide 
and ammonium sulfide. This would seem 
to be an expensive way of making ammo¬ 
nium thiocyanate, since it can be made so 
easily and cheaply by much more direct 
processes, which will be reported below. 

There were few other workers in this 

r»06C. Otto & Co., Ger. Pat. 201,001 (1907). 
Von der Forst, P., Ger. Pats. 280,662 (1918), 
361,324 (1921). 

Q67 Gesellschaft ftir Kohlentechnik m.b.H., 
Ger. Pat. 368,022 (1920). 
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field. Bergfeld took out a rather con¬ 
fused patent in which he proposed to use 
anhydrous copper sulfate together with 
other salts, such as alkaline-earth sulfates 
or chlorides. In a paper describing his 
process he says that cyanogen of the gas 
is fixed as cuprous ammonium cyanide. 
However, the problem was extensively in¬ 
vestigated by Mueller. It appears from 
his main patent®®® that, if cupric com¬ 
pounds are used, some of the hydrocyanic 
acid is lost as cyanogen: 

CuCOa + H2S CuS -f H2O -h CO2 
2 CuS -h 2Na2C03 4 - 8HCN 

2 Na 2 Cu(CN )8 + 2H2S + 2CO2 

-f (CN)2 + 2H2O 

If, however, a cuprous salt is used, such loss 
can be avoided: 

CU2S 4“ 2 Na 2 C 03 4 " 6HCN —► 

2Na2Cu(CN)3 4 - H2S 4 - 2CO2 4 - 2H2O 

The same result can be achieved by the use of 
a cupric salt and free copper: 

CuS 4 - Cu 4 - 2Na2C03 4 - 6HCN 

2 Na 2 Cu(CN )3 4 - H2S 4 - 2CO2 + 2H2O 

The solution of disodium cuprous cyanide 
obtained in thus scrubbing the gas is evap¬ 
orated under vacuum to expel hydrogen 
sulfide, the solid compound crystallizing 
from the concentrated solution. If copper 
carbonate is added to the solution before 
evaporation, the original complex is con¬ 
verted to a simpler one, again with the 
loss of cyanogen: 

6Na2Cu(CN)8 4 - 2 CuC 08 

8NaCu(CN)2 + 2Na2C08 + (CN)2 

r.68 Bergfeld, L., Ger. Pat. 255,593 (1910); 
J. Gas Lighting, 122. 385 (1913). 

6«9 Mueller, M. E., U. S. Pat. 1,413,762 (1922). 


Loss of cyanogen is again avoided by having 
free copper present or by using a cuprous salt 
entirely: 

4 Na 2 Cu(CN )8 4- CuCOs 4 - Cu 

6NaCu(CN)2 4 - Na2C08 

The monosodium cuprous cyanide obtained 
in this manner may be used again in the 
absorption step: 

6 NaCu(CN )2 4- H 2 S 4- Na 2 C 03 

4Na2Cu(CN)3 4- CuiS -h CO 2 4“ H 2 O 
As alternative methods of working up the 
disodium complex, its solution may be 
treated with zinc salt, yielding sodium cu¬ 
prous cyanide and zinc sodium cyanide; or 
with cupric sulfate and sulfur dioxide, 
3’ielding cuprous cyanide; or with sulfuric 
acid, yielding hydrocyanic acid and copper 
cyanide. If the absorption stage of the 
process is carried out with gas containing 
ammonia, the use of soda ash can be dis¬ 
pensed with. The ammonia is then even¬ 
tually recovered as ammonium sulfate. 

Other patents of Mueller deal specifi¬ 
cally with the application of the process to 
ammoniacal gas, the establishment of a 
cyclic scheme, and the production of pure 
hydrocyanic acid. The gas is treated with 
cuprous sulfide: 

Cu2S 4 - 6HCN -h 8NH3 + CO2 4 - H2() 

2(NH4)2Cu(Cx\)3 + (NH4)2S 4- (NH4)2C()3 

The resultant solution is boiled (with ad¬ 
dition of cuprous cyanide from a later 
stage), whereby excess hydrogen sulfide 
and carbon dioxide are expelled, and cu¬ 
prous sulfide is precipitated: 

2 (NH 4 ) 2 Cu(CN )8 4 - (NH 4 ) 2 S 4 - (NH 4 ) 2 C 03 

4 - eCuCN 

6NH4Cu(CN)2 + CU2S4- 2NH3 -f C()2 + H2() 

r .70 Mueller, M. E., Brit. Pat. 190,961 (1922) ; 
U. S. Pat. 1,413,763 (1922). 
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The cuprous sulfide goes back into the ab¬ 
sorption stage, and the solution of ammo¬ 
nium cuprous cyanide is distilled with sul¬ 
furic acid to yield hydrocyanic acid and 
cuprous cyanide, which is added to the 
boiling stage, and in some cases also to the 
scrubbing solution: 

6 NH 4 Cu(CN )2 -h 2NH3 + 4H2SO4 

GCuCN + 4(NH4)2S04 + 6HCN 

The important point in this cyclic process 
is the necessity of having present in solu¬ 
tion at least two atoms of copper for each 
molecule of hydrogen sulfide, so that in 
the acidification step no hydrogen sulfide 
will be evolved with the hydrogen cyanide. 

Another paper by Mueller®'^ gives fur¬ 
ther details of the process as to its opera¬ 
tion, yields, and production costs. It 
points out that cheap copper-bearing ma¬ 
terials, such as copper scale and copper 
matte, can be used, and that copper losses 
are small—about 1 pound of cuprous cy¬ 
anide for every 3,000 pounds recovered. 

The mechanism of the process does not 
seem to have been cleared up completely 
by Mueller's work, for there are a number 
of discrepancies, and the formulas of the 
copper-cyanogen comple.xes also need veri¬ 
fication. In general, the chemistry of the 
copper process bears a strong resemblance 
to that of the iron-cyanogen complexes, 
and analogies with certain steps in the 
Bueb process and its modifications are un¬ 
mistakable. 

Gluud and Iliese assigned the formula 
(NH4)3 Cu(CN) 4 to the main compound 
of this process, and they stated that the 
whole scheme is greatly handicapped by its 
sensitivity to carbon dioxide. They also 
pointed out that the scrubbing efficiency 
decreases materially with increasing con- 

B71 Mueller, M. E., Chvm. d Met. Eng., 30» 
97fr-80 (1924). 


centration of the double cyanide; but this 
should have no bearing on the cyclic Muel¬ 
ler process in which the double cyanide is 
destroyed in each cycle so that it cannot 
build up. 

CYANOGEN REMOVAL AS THIOCYANATES 

The wet cyanogen-recovery methods de¬ 
scribed above were more or less based on 
knowledge gained in the operation of dry 
iron oxide boxes. They are all rather com¬ 
plicated and usually yield a mixture of 
products. Another but simpler method, 
also based on dry-box operation, utilizes 
the strong affinity of cyanogen for sulfur. 
It has already been pointed out that, when 
sufficient ammonia is left in the gas, all 
hydrocyanic acid will be removed in the 
dry boxes as thiocyanate. Under such con¬ 
ditions, the sulfur stored in the boxes from 
the regeneration step will react with the 
ammonia, hydrogen sulfide, and hydrogen 
cyanide of the gas with the formation of 
ammonium thiocyanate. The thought of 
separating the thiocyanate production from 
the dry-box operation is a natural one; it 
is, indeed, just about as old as the iron- 
cyanogen-removal processes. 

According to patents by the British Cy¬ 
anides Company and by Smith, Gidden, 
Salamon, and Albrightg^g jg cooled, 
after tar removal, and passed into a scrub¬ 
ber containing a slurry of sulfur in ammo¬ 
nia liquor. A solution of ammonium poly¬ 
sulfide is quickly formed: 

2NH3 + H2S + a-S (NH 4 ) 2 S*+i 

which reacts with the hydrocyanic acid of the 
gas: 

(NH4)2S,+i + HCN -f NH3 

NH4SCN -h (NH4)2 Sx 

S72 British Cyanides Co. Ltd., Ger. Pat. 136,- 
397 (1901). Smith, W., Gidden, W., Salamon, 
A. G., and Albright, G. S., Brit. Pat. 18,653 
(1902). 
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By constant addition of sulfur the process 
is caused to go continuously, only the cyan¬ 
ogen and an equivalent quantity of ammo¬ 
nia being removed from the gas, while the 
hydrogen sulfide goes on unchanged once 
equilibrium has been established. After a 
sufficient concentration has been reached, 
the liquor is evaporated to recover solid 
ammonium thiocyanate. Some very similar 
patents were taken out by Chance,®^® who 
separated the scrubbing stage into two 
steps, using first ammonium polysulfide, 
followed by a sulfur slurry. 

The original process has survived practi¬ 
cally unchanged to the present day. What 
modifications exist are of minor importance 
and do not touch the basic principle. Car¬ 
penter®^* simply substituted lime for the 
ammonia and used a large excess of it, 
but he worked on gas which still contained 
ammonia. Tscherniac ®^® also used lime, 
but he operated with ammonia-free gas. In 
another patent,®’’® Tscherniac added sodium 
sulfate to his lime-sulfur mixture, appar¬ 
ently making some sodium thiocyanate. 
The Fabriques de produits chimique de 
Thann et Mulhouse®^^ proposed using an 
aqueous mixture of calcium salts on am¬ 
monia-free gas. Carpenter and Somerville 
and also Tscherniac ®’® proposed further¬ 
more to prepare magnesium thiocyanate 
by using magnesia or magnesium carbonate 
instead of lime. Williams ®’® suggested 
utilizing the sulfur contained in spent ox¬ 
ide. 

678 The British Cyanides Co. and Chance. E. 
M., Brit. Pat. 6,218 (1908) ; U. S. Pat. 922,504 
(1909). 

574 Carpenter, C. C., Brit. Pat. 22,710 (1903). 

675 Tscherniac, J., Brit. Pat. 2,708 (1906) ; 
Get. Pat. 192,634 (1906). 

670 Tscherniac, J., U. S. Pat. 862,678 (1907). 

677 Fabriques de produits chimique de Thann 
et Mulhouse, Fr. Pat. 373,986 (1907). 

678 Carpenter, C. C., and Somerville, J. M., 
Brit. Pat. 8,100 (1903). Tfcherniac, J., Brit. 
Pat. 24,767 (1903). 

678 Williams, P. E., Brit. Pat. 23,624 (1909). 


The original process and its practical 
operation have been described in detail by 
Anon.®®® According to this publication, 90 
percent of the cyanogen contained in the 
gas is removed as ammonium thiocyanate. 
The process is simple, but it is necessary 
to have in the crude gas an excess of am¬ 
monia over that required by theory, and 
in case of need ammonia liquor must be 
fed to the cyanogen scrubber. A high per¬ 
centage of carbon dioxide in the gas is det¬ 
rimental to the process, unless the hydro¬ 
gen sulfide content also is fairly high, be¬ 
cause it tends to drive the hydrogen sul¬ 
fide out of the solution and thus decreases 
the amount of ammonium polysulfides 
made. Broadberry ®*^ also described the 
process, and the subject has been taken up 
again more recently by Gluud and his 
collaborators.**^' ®®2 These investigators 
worked out the process in very great de¬ 
tail, particularly for coke-oven practice, 
and they studied the scrubbing efficiency as 
influenced by gas temperatures, gas veloci¬ 
ties, liquor concentration, concentration of 
ammonia and hydrogen sulfide in the liq¬ 
uor, sulfur excess, and other factors. Their 
profuse operating data have been sum¬ 
marized by Gluud and Jacobson as 
shown in Table XXVIII. 

It is apparent from the table that when 
total cyanogen removal is desired the liq¬ 
uor should be withdrawn when it reaches a 
concentration of about 20 percent, as was 
done in early English practice. On the 
other hand, a concentration of 30 percent 
can be reached without much difficulty and 
with tolerable efficiency, if desired. Han¬ 
sen ®®® advocated furtlier concentration of 
the liquor by using it to scrub the gas, 

680 Anon., J. Gas Ughting, 84, 218-20 (1903). 

581 Broadberry, A, B., ihid., 120, 81-4 (1912). 

682 Gluud, W., and Klempt, W., Z. angew. 
Chem., 40, 659-60 (1927). 

688 The Hoppers Co. of Delaware, Fr. Pat. 
729,140 (1981). 
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TABLE XXVIII 

Hydrocyanic Acid Absorption Test on a Large Plant Employing the Sulfocyanide 

Process ** 



Gas 

NH 4 SCN Content 
of the 

Days 

Volume 

Solution 


thousand cubic 
feet per hour 

percent 

1 

83.3 

2.0 

2 

160.0 

3.8 

3 

110.0 

5.7 

5 

91.3 

9.8 

8 

87.4 

15.6 

10 

87.4 

19.0 

12 

98.8 

21.9 

14 

98.8 

25.7 

17 

91.3 

30.1 


from which tar, hydrogen cyanide, etc., al¬ 
ready had been removed. In another pat¬ 
ent,®** the same inventor dealt with naph¬ 
thalene removal from the gas before it en¬ 
ters the cyanogen scrubber. In two further 
patents®*® he suggested that the polysul¬ 
fide solution used should be of an order 
higher than the disulfide, and should be at 
a temperature above 30® C. Rlempt, Brod- 
korb, and Erlbach ®®* attempted to utilize 
ammonium thiosulfate instead of free sul¬ 
fur, but found it not feasible, since high 
partial pressures of hydrogen sulfide and 
carbon dioxide prevented the formation of 
ammonium cyanide and thus of ammonium 
thiocyanate. 

The Minot process,*®® though frequently 
hailed as unique, offers nothing really new, 
inasmuch as in its essentials it merely con¬ 
templates binding hydrogen cyanide as 
thiocyanate with the aid of sodium poly¬ 
sulfide instead of with the customary am¬ 
monium compound. As an addition, the 

BSiHangen, C. J., U. S. Pat. 1,908,088 (1933). 

085 Hansen, C. J., Fr. Pat. 731,970 (1931); 
U. 8. Pat. 1,924,200 (193,3). 

ossKlempt, W., Brodkorb, F.. nntl Erlbneh, 
H., Ber. Oea. Kohlentvch., 3* 493-0 (1981). 


Hydrocyanic Acid 


Before the 

After the 


Washer 

Washer 

Absorption 

grains per 100 cubic feet 

percent 

22 


100 

24 

0.488 

98 

20 

0.309 

98.5 

19 

0.244 

98.7 

25 

0.122 

99.5 

30 

0.284 

99.0 

25 

0.244 

99.1 

32 

3.050 

90.4 

33 

6.620 

79.6 


process removes carbon disulfide as am¬ 
monium trithiocarbonate, which later on is 
said to be converted to ammonium thio¬ 
cyanate and finally to sodium thiocyanate. 

Instead of adding sulfur from an ex¬ 
traneous source, Brodkorb, Keller, and 
Klempt ®®^ proposed forming it in situ from 
the hydrogen sulfide of the gas, basing 
their proposal on the discovery of Gluud 
and Riese,®** referred to above, that nickel- 
cyanogen complexes in the presence of am¬ 
monia are easily converted to thiocyanate. 
They found that, if small amounts of 
nickel compounds are added to the liquors 
with which the gas is scrubbed, an amount 
of hydrogen sulfide corresponding to the 
hydrogen cyanide will be oxidized to sulfur, 
provided that there is enough oxygen in 
the gas. The gas thus furnishes the sulfur 
necessary for the conversion of the hydro¬ 
gen cyanide to ammonium thiocyanate. In 
order to avoid production of ammonium 
thiosulfate it is necessary to adjust the 
quantity of nickel added to the quantity 

687 Brodkorb, F., and Keller, K., Ger. Pat. 
,359,171 (19,30). Klempt, W., and Brodkorb, F., 
G«t. Pat. 565,408 (1931). Klempt, W., Ger. Pat. 
590,310 (1934) ; U. S. Pat. 2,008,258 (1986). 
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of oxygen contained in the gas. Loss of 
nickel as nickel-cyanogen complex, which 
is not active as a catalyst, is avoided by 
periodically adding ammonium sulfide or 
by lowering the solution temperature. 

Of theoretical interest are two minor ap¬ 
plications of the principle of removing cy¬ 
anogen as thiocyanate. Keller®®® found 
that, when treating crude light oil to re¬ 
move therefrom hydrogen sulfide and hy¬ 
drogen cyanide, the hydrogen cyanide was 
eliminated in the form of ammonium thio¬ 
cyanate by adding a small amount of am¬ 
monia and subsequently oxidizing. The 
Badische Anilin und Soda Fabrik ®®® found 
that, in removing hydrogen sulfide and 
ammonia from gas by means of active car¬ 
bon (plus oxygen), residual hydrocyanic 
acid of the gas was fixed in the carbon as 
ammonium thiocyanate. 

This finding leads us to a broad consider¬ 
ation of gas-purification methods which 
are primarily devoted to the removal of 
hydrogen sulfide, but which at the same 
time eliminate substantial quantities of cy¬ 
anogen. It is evident from the foregoing 
discussion that, whenever a strong alkali, 
sulfur, hydrogen sulfide, and hydrocyanic 
acid meet, the formation of thiocyanate is 
inevitable; and these conditions prevail in 
a majority of the processes removing hy¬ 
drogen sulfide. On account of the acid na¬ 
ture of hydrogen sulfide the gas is best 
treated with alkaline liquors, and, since for 
regeneration the foul liquors are usually 
blown with air, the necessary sulfur is fur¬ 
nished at all times. A detailed discussion 
of the various sulfur-removal processes is 
contained in Chapter 26 and a>so in an¬ 
other section of this chapter, so that only 
the barest outlines will be given here. 

588 Keller, K., Ber. Qe». Kohlentech., 3, 429-30 
(1931). 

580 Badische Anilin und Soda Fabrik, Brit. 
Pat. 190,203 (1921). 


The simplest processes use weakly alka¬ 
line solutions for scrubbing the gas, such 
as solutions of ammonia or sodium carbon¬ 
ate, and the so-called Seaboard process 
may well be taken as typical. This proc¬ 
ess employs a sodium carbonate solution 
of about 3 percent strength which absorbs 
from the gas all acidic components, i.e., 
carbon dioxide, hydrogen sulfide, and hy¬ 
drogen cyanide. 

(1) Na 2 C 03 + CO 2 + H 2 O 2NaHC()3 

(2) Na 2 C 03 -f H 2 S NaHS -f NaHC()3 

(3) Na 2 C 03 -h HCN ^ NaCN + NaHC ()3 

On aeration of the foul solutions these re¬ 
actions are supposed to be reversed, 
whereby carbon dioxide, hydrogen sulfide, 
and hydrogen cyanide are liberated and 
blown out by the air. However, in prac¬ 
tice a substantial amount of oxidation of 
the hydrogen sulfide takes place, and as 
end products there appear in the solutions 
sodium thiosulfate and sodium thiocyanate. 
Sperr wrote a lengthy paper on this sub¬ 
ject, with profuse details. It is referred to 
for study. Other papers dealing solely or 
partially with this process are those of 
Sperr,^®'-^ Beebe,Cook,®‘*^ Ramsburg,®^*^ 
Davey,®®^ and Jacobson and Carvlin.®®^ 
The patents are numerous.®‘*® It appears 
that this process reduces the cyanogen con- 

300 Sperr, F. W., Jr., Proc. Am. Oas Auftfw., 
1921, 282-363. 

501 Beebe, A. M., et al.. Oas Age-Becord, 49, 
741-3 (1922). Cook, T. R.. J., 172. 432-7 

(1925). Ramsburg, C. J., Gas Age-Record, 63, 
205-6, 213-6 (1929). Davey, W. J. G., Gas J., 
189, 157-9 (1930). 

592 JacobHon, D. L., and Carvlin, G. M., Proc. 
Am. Gas Asaoc., 19.32, 1022-9. 

593 Ramaburg, C. J., U. S. Pats. 1,389,980 
(1921), 1,486,196 (1922). Koppers Co., Brit. 
Pats. 190,116-7, 190,119 (1922), 190,131, 207,- 
488, 210,382 (1923); Ger. Pat. 492,522 (1927). 
Pulweiler, W. H., U. S. Pat. 1,589,749 (1926). 
Sperr, P. W., Jr., U. S. Pat. 1,592.648 (1926). 
I. G. Farbenindustrle A.-G., Brit. Put. 321,982 
(1928). 
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tent of the gas to less than 1 grain per 100 
cubic feet, but probably only a compara¬ 
tively small amount is actually recovered 
as thiocyanate, the larger share being ex¬ 
pelled by the actifier air. 

The very similar process of Petit uses 
a potassium carbonate solution but is the 
same as far as cyanogen removal is con¬ 
cerned. 

Taplay’s process,which was re¬ 
ferred to above, uses calcium or magnesium 
carbonate (or bicarbonate), but employs 
no air blowing and yet claims the produc¬ 
tion of ammonium thiocyanate. This can 
be accounted for only on the assumption 
that there is enough oxygen in the gas to 
furnish free sulfur in a nascent state. Per¬ 
haps impurities of iron and similar active 
agents contained in the chalk emjdoyed in 
the process serve as catalysts in this oxi¬ 
dation. 

The polythionate j^rocesses of Feld 
and Overdick,though designed primarily 
for the simultaneous recovery of hydrogen 
sulfide and ammonia, also remove hydrogen 
cyanide in the step of wa,shiiig the gas with 
tri- and tetrathionates. Although in di.s- 
cussions of the Feld process this is rarely 
mentioned, it was considered a decided dis¬ 
advantage, inasmuch as the resulting am¬ 
monium thiocyanate discolored the recov¬ 
ered ammonium sulfate red. This was 
jiointed out by Funcke.®^'* In the Over¬ 
dick modification of the Feld process, this 
fact was well recognized, and a special ef¬ 
fort was made to remove all the cyanogen 
from the gas by having enough ammonia 
Iirescnt. The final liquors, after heating 
and .separation of sulfur, consisted of am¬ 
monium sulfate and ammonium thiocy¬ 
anate, which were separated by fractional 
crystallization.®®^ 

Closely related to the Seaboard process 

694 Petit, T., J. Gas Lighting, 131, 645-6 
(1915) ; Gas World, 68. 374 (1915). 


described above are those processes in 
which metallic oxides or salts (largely iron) 
are used together with alkaline solutions as 
scrubbing liquors. The metal additions 
may be very sizable or merely constitute 
catalytic amounts. In any event, the gas 
is scrubbed with these liquors to absorb 
hydrogen sulfide, and alkali sulfides and 
metal sulfides are formed as a result. When 
such fouled solutions are blown with air 
the hydrogen sulfide is not expelled as such, 
as in the Seaboard process, but is oxidized 
to free sulfur, thiosulfate, etc. Under 
these conditions any hydrogen cyanide 
present in the solution or absorbed in the 
next scrubbing cycle is, of course, con¬ 
verted to the thiocyanate of the alkali used. 

Harcourt was perhaps one of the 
very first to practice such a process. He 
scrul)be(l the gas before ammonia removal 
with iron oxide suspended in water, and 
activated the foul slurry by air blowing 
Though he did not say so si')ecifically, he 
doubtless made ammonium thiocyanate in 
this way. 

Burkheiser in the later modi¬ 

fications of his process scrubbed the gas 
with an ammoniacal suspension of iron hy¬ 
droxide, oxidized the iron sulfide with air 
to regenerate the active iron material and 
produce free sulfur, and in so doing re¬ 
moved the cyanogen from the gas in the 
form of anunonium thiocyanate. 

Later developments along the line of 
Burkheiser (but devoted solely to the re¬ 
moval of hydrogen sulfide) are the Kop- 
pers Ferrox process, using sodium carbon¬ 
ate and iron hydroxide, and the iron proc¬ 
ess of the Gesellschaft fiir Kohlentechnik 
using the ammonia of the gas and iron hy¬ 
droxide. Analogous proce.«!ses using nickel 
or copper w^ere developed by both com¬ 
panies, but gas free of cyanogen was pre- 

606 Harcourt, A. G. V., J. Qaabeleucht., 18, 678 
(1876). 
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ferred for them, since the regeneration of 
the nickel-cyanogen complexes is not so 
simple, although Klempt®*^ showed that 
it can be done. The Ferrox process recov¬ 
ers 100 percent of the cyanogen in the gas 
as sodium thiocyanate, ^nd the other 
processes should do likewise. Patents in 
this field are numerous,®®® and for details 
Chapter 26 should be consulted. 

Very similar to these processes, though 
not employing iron oxides, is the one of 
Smith and Pryde.®®^ These inventors 
scrubbed the gas with a suspension of fer¬ 
ric ferrocyanide, which was reduced by the 
hydrogen sulfide to ferrous ferrocyanide 
and ammonium ferrocyanide, the hydrogen 
sulfide itself being oxidized to free sulfur. 
By blowing with air, the original ferric 
ferrocyanide was reformed. Owing to the 
formation of sulfur, the hydrogen cyanide 
of the gas was converted to ammonium 
thiocyanate, Pieters ®-® considered this 
scheme a modified Ferrox process and said 
that the hydrogen cyanide recovery is 
about 90 percent. 

A radical departure from the foregoing 
procedure, as far as hydrogen sulfide re¬ 
moval is concerned, was brought about by 
the development of the Thylox process. It 
is based on the discovery that thioarsenate 
solutions will oxidize hydrogen sulfide to 
sulfur, which remains in the molecule until 
liberated by aeration: 

Na 8 As 02 S 2 -j- H2S —► NaaAsOSs -h H2O 
NasAsOSa + 0 Na3As02S2 + S 

596 KopperB Co., Brit. PatH. 238,172, 241,221 
(1924). RpeBon, J. N., and Mohs, W. L., Brit. 
Pat. 249,312 (1925). Hoppers Co., Brit. Pats. 
255,140, 255,144 (1925). Sperr, F. W., Jr., and 
.Tacobson, D. L., U. S. Pat. 1,656,881 (1928). 
Jacobson, D. L„ U. S. Pats. 1,741,113, 1,792,097 
(1931). D’Leny, W., Park, J. R., and Imperial 
Chemical Industries, Ltd., Brit. Pat. 330,381 
(1929). 

597 Smith, F. F., and Pryde, D. R.. Goa World, 
100 , No. 2692, Coking Sect., 14-6 (1934) ; Gaa 


Since the solution is weakly alkaline (soda 
ash or ammonia) the hydrogen cyanide is 
also removed from the gas, as sodium thio¬ 
cyanate, with an efficiency of 100 percent. 
The process has been well described in the 
technical press and patent literature.®®* 

The simultaneous removal of hydrogen 
sulfide, hydrogen cyanide, and ammonia 
from gas has the great disadvantages of 
often creating operating difficulties, such 
as using up catalytic amounts of copper, 
nickel, etc., and of producing mixtures of 
compounds which are difficult to work. 
For either or both of these reasons ji num¬ 
ber of investigators separate the cyanogen 
removal from the rest of the process, nor¬ 
mally using it as the first stage. Invari¬ 
ably ammonium or sodium thiocyanate is 
produced in this way. Split processes of 
this type are described in a number of pa¬ 
pers and patents.®®®’ ®®®’ ®®® 

In concluding this section a few patents 
and papers may be mentioned which have 
to do with the production of pure thiocy¬ 
anates from the various crude solutions ob¬ 
tained in these processes. Even in the 
simplest process, where ammonium thiocy¬ 
anate is produced for its own sake by 
scrubbing gas with an ammoniacal sulfur 
slurry, it is not recovered directly in pure 
form on evaporation and crystallization of 
the liquor. It contains considerable (pian- 

J., 207, 307-9 (1934) ; J. 8oc. Chetn. Ind., 5.3, 
657-60 (1934). 

598 Jacobson, D. L , and Gollniar, II. A., Brit. 
Pat. 280,165 (1926). Gollmnr, H. A., Brit. Pat. 
286,633 (1927) ; IJ. S. Pats. 1.719,762, 1,719,177 
(1929) ; Ind. Eng. Chem., 20, 1.30 2 (19,34). 
Jacobson, D. L., Gas Age-Record, 03, 597-600 
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titles of thiosulfate, whieh Keller de¬ 
stroyed with sulfuric acid, and of soluble 
ferrocyanides, which Gluud, Keller, and 
Klempt®®^ converted to insoluble com¬ 
plexes by heating above 100* C. A very 
fine, comprehensive paper on ammonium 
thiocyanate—^its history, methods of manu¬ 
facture, physicochemical properties, reac¬ 
tions, and uses—^has been contributed by 
Shnidman.®®2 Waste solutions obtained 
from sulfur-removal processes such as the 
Seaboard, Ferrox, and Thylox processes 
contain largely sodium thiosulfate and thio¬ 
cyanate. Darrin®®® separated these salts 
by evaporating the liquor to a boiling 
point of 130 to 135“ C, cooling to crystal¬ 
lize out the thiosulfate, evaporating fur¬ 
ther, and recovering the thiocyanate either 
in the anhydrous form or as the dihydrate, 
depending on the conditions. Hall ®®* 
evaporated such waste liquor to dryness 
and extracted the thiocyanate with alcohol, 
in which thiosulfate, sulfate, carbonate, and 
other impurities are not soluble. Ful¬ 
ton®®® treated the liquor with a soluble 
alkaline-earth salt, such as calcium chlo¬ 
ride, and heated to such a point, about 
110“ C, that the alkaline-earth thiosulfate 
was decomposed to the insoluble alkaline- 
earth sulfite and to sulfur. Calchun thio¬ 
cyanate W'as recovered after filtering off 
the insohiljles. 

There are many papers of general inter¬ 
est in connection with the recovery of 
cyanogen either as complex iron cyanides or 
its thiocyanates.®^’ ^®^' ^®®’ ®®® All 

600 Keller, K., U. S Pat. l,5o8,515 (1983). 

601 Gluud. W., Keller, K., and Klempt, W., 
Ger. Pat. 611,575 (1927). 

002 Shnldman, L., Am. Gat Ataoo., Chem, Com. 
Rep., 1932, pp. 5-23. 

003 Darrin, M., U. S. Pate. 1,670,047, 1,684,862 
(1926). 

604 Hall, R. B., U. S. Pat. 1,648,224 (1927). 

606 Fulton, R. R., Can. Pat. 284,068 (1928); 
D. S. Pat. 1.751,274 (1030). 

606 Espenhahn, B. V.. Chem. and Met. Eng,, 


the cyanogen-recovery processes enumer¬ 
ated above are afflicted with the same 
weakness: they produce compounds which 
have only a limited market. This is true 
of the prussiates as well as of the thio¬ 
cyanates, and the valiant attempts to open 
up new outlets for them have not been 
crowned with success. The best that could 
be done in the past was to convert them 
to cyanides, for which the market is a 
great deal better. However, the process¬ 
ing costs were so high that these cyanides 
could not compete with those made from 
beet-sugar molasses, from sodium amide, 
and from calcium cyananaide. It is only 
too natural, therefore, that inventors en¬ 
deavored to produce cyanides or hydrocy¬ 
anic acid more directly from coal-carboni¬ 
zation gases. 

The first idea was to split the ferrocy¬ 
anides with acid, but this releases only one- 
half of the hydrogen cyanide which they 
contain, and clever cyclic schemes like 
those of Espenhahn and Sperr,®*® which 
have been described above in detail, could 
not change the situation materially. Muel¬ 
ler®®^ and Williams thought that they 
could increase the amount of hydrocyanic 
acid liberated on acidification by having 
copper or copper salts present, but they 
doubtless did not succeed in getting enough 
more to make the process worth while. 
Feld,®®® at a very early date, had recog¬ 
nized the problem and devised a system 
by which he actually could release all the 
hydrogen cyanide. It was based on his 
analytical procedure, which is recognized as 
the best in existence, and contemplated 
converting the prussiates to mercury cy¬ 
anide, which in turn can be split quanti¬ 
tatively by distillation with acid. He gave 

30, 629-31 (1924). Proteni, Gae World, 10. 
447-52 (1984). 

607 Mueller, M. B., U. S. Pat 1,347,618 (1920). 

608 Feld, W., Qer. Pat 141,024 (1901); Brit 
Pat 24,920 (1901). 



1116 


RECOVERY OF NITROGENOUS COMPOUNDS FROM GASES 


the following fundamental equation for the 
process: 

2K4Fe(CN)6 -f SHgCh 

6Hg(CN)2 + Fe2Cl6 + Hg2Cl2 -f 8KCI 

Though the process doubtless worked, it 
was too cumbersome and was moreover 
burdened by the grave problem of recov¬ 
ering the costly mercury from the resi¬ 
dues. It was never a commercial success. 
A very similar process was advocated by 
de las Fuentes.®”® 

Feld®®^ took a real step forward when 
he suggested washing the gas with solu¬ 
tions or suspen^ons of basic or neutral 
hydroxides, carbonates, or chlorides of such 
elements as magnesium or aluminum, which 
will absorb hydrogen cyanide when cold 
and give it off again when heated. Pro¬ 
visions were made to eliminate hydrogen 
sulfide and carbon dioxide from the gas 
prior to the hydrogen cyanide removal. 
This proposal is perhaps the first approach 
to the modern ideas on cyanogen recovery 
related below. They all have in common 
the removal of hydrogen cyanide from gas 
not in the form of cyanogen compounds 
but as such. 

Percy and Byrom®^® proposed passing 
the gas through a scrubber against a very 
small trickle of water. Since hydrocyanic 
acid is miscible with water in all propor¬ 
tions, a complete recovery should thus be 
possible. This early observation remained 
unnoticed until Schwarz^®® made a fine 
study of it, determining the percentage re¬ 
covery for various solution rates and tem¬ 
peratures, vapor pressures of the solutions 
obtained, saturation curves, and other in¬ 
teresting data. Haun ®^^ also scrubbed 

609 De las Puentes, J., Can. Pat. 153,466 
(1914). 

610 Percy, T. M., and Byrom, T. H., Brit. Pat. 
1,608 (1008). 

611 Haun, J. C., U. S. Pat. 1,742,505 (1930). 


with water, and distilled the dilute solution 
in vacuo under such conditions as to sep¬ 
arate the small quantity of hydrogen sul¬ 
fide dissolved by the scrubbing water from 
the aqueous condensate containing the hy¬ 
drocyanic acid. An engineering study of 
steam-stripi)ing hydrogen cyanide from 
dilute aqueous solutions was made by 
Krebs.®^- He pointed out that special 
metal must be used for the stripping tower 
to prevent decomposition of the hydrogen 
cyanide. The column which he used was 
described. Sperr ®^® dispensed with the 
special water wash, using the water from 
the final coolers instead. Since this water 
contains some hydrogen sulfide besides the 
hydrogen cyanide, he separated the two to 
a large extent by aeration, which removes 
90 percent of the sulfide and none of the 
cyanide. The remaining hydrogen sulfide 
w^as precipitated as zinc sulfide or de¬ 
stroyed by chlorine and other oxidizing 
agents which do not attack the hydrogen 
cyanide. Hydrogen cyanide was then pre¬ 
cipitated as zinc cyanide, which was de¬ 
composed with acid to yield pure hydro¬ 
cyanic acid. 

In an alternative method, the final cooler 
water was aerated to remove most of the 
hydrogen sulfide and was then precipitated 
with nickel salt as nickel cyanide, which 
was obtained in concentrated form by the 
use of a Dorr thickener. Acidification and 
distillation again yielded hydrogen cyanide. 
To remove residual hydrogen sulfide, the 
sludge from the thickener might be treated 
with oxidizing agents such as permanganate 
or dichromate, which destroy the nickel 
sulfide contained in the nickel cyanide 
sludge. An even more practical proposal 

612 Krebs, O., Ghent. App., 10. 50-3 (1932) 

613 Sperr, P. W., Jr., Fr. Pat. 804,045 (1936) ; 
U. S. Pats. 2,088,003 (1937), 2,140,605 (1938) ; 
Brit Pat. 461,130 (1937) ; Ger. Pat. 641,819 
(1937). 
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by Sperr®^* contemplated washing the gas 
with water at less than 15“ C—preferably 
at about 10“ C—aerating the solution tp re¬ 
move most of the hydrogen sulfide, and 
driving off the hydrogen cyanide at 55 
to 70“ C with a current of inert gas which 
was passed over absorbents such as caustic 
soda. Hydrogen sulfide not removed in the 
aeration step might be removed by chemi¬ 
cal treatment, as with copper sulfate, lead 
carbonate, etc.; or oxidizing agents such 
as chlorine and sulfur dioxide might be 
added to the air used for aeration. 

RECO\^RY OF CYANOOKN BY HOT 
ACTIFICATION METHODS 

Although these processes recover only cy¬ 
anogen from the gas, another group re¬ 
moves hydrogen sulfide at the same time, 
and is in fact devoted primarily to that 
purpose. In a general wa> the^e jiroposals 
are ba.sed on the removal of acidic sub¬ 
stances from gas by mean.^ of alkaline solu¬ 
tions—salts of strong ba.ses and weak acids 
or solutions of weak ba.^es—with subse¬ 
quent expulsion of the acidic substances by 
heating, “hot actification,” or by passing 
an acid ga^ through them. Their chemistry 
is essentially the same as that of the Sea¬ 
board proce.'^s, which has been outlined 
above, and is considered more in detail in 
Chapter 26. 

One of the earliest suggestions in this 
group is that of Espenhahn,®^*”’ who passed 
the gas through sodium carbonat^bicar- 
bonate solutions, then heated this solution 
to expel a mixture of carbon dioxide, hy¬ 
drogen sulfide, and hydrogen cyanide. The 
same result is probably obtained by Sperr 
and Hall,®^® who also used sodium carbon- 

614 Epcrr, F. W.. Jr.. Brit. Pat. 453,971 
(19.30) ; Got. Pat. «3«.3.30 (1936); U. S. Pat. 
1!,143.821 (1939). 

oi.'i KHpoiihahn. K. V., U. S. Pat. 1,440,977 
(1923). 

6i«8perr, F. W., Jr., and Hall, R. E., U. S. 
Pat. 1,633.773 (1925). 


ate solution but activated it by heating 
under vacuum. Bragg employed potas¬ 
sium borate, and Shaw proposed sodium 
phenolate. Shawls process has become 
quite prominent and is now widely used in 
industry, though chiefly for the removal of 
hydrogen sulfide. It has been described by 
Denig and Powell.®^* Zublin used solu¬ 
tions of potassium phosphate of two dif¬ 
ferent concentrations for the purpose, and 
Cole and Tannehill®^! utilized the ammo¬ 
nia of the gas as the alkaline agent. They 
worked in two stages, each time scrubbing 
with cool, dilute ammonia liquor, flash-dis¬ 
tilling under vacuum without external ap¬ 
plication of heat, and finally obtained a 
mixture of ammonia, hydrogen sulfide, hy¬ 
drogen cyanide, and a little carbon dioxide. 

A very large number of compounds use¬ 
ful for fhis purpose has been suggested by 
Bahr and the I. G. Farbenindustrie. They 
may be divided into two groups: salts of 
strong inorganic bases and weak organic 
acids, and organic bases proper. The proc¬ 
ess u.'^ing compounds of the first group has 
become very prominent in Europe under 
the name of Alkacid process. For oractical 
purposes, alkali metal salts of amino acids 
are used, as of glycocoll, alanine, etc., but 
organic sulfonic acids have also been pro¬ 
posed.®““ These compounds may also be 
used in organic solvents rather than in 
aqueous solution, e.g,, dissolved or sus¬ 
pended in a coal-tar cut boiling between 
200 and 300“ This last patent 

added to the list of useful compounds qua- 

617 Bragg, G. A., U. S. Pat. 1,920,626 (1933). 

618 Shnw, J. A., U. S. Pats. 2,028,124-5 (1936). 

619 Denig, F., and Powell, A. R., Proc. Am. 

Assoc., 1938. 91,3-25. 

620 Znblin, E. W., U. S. Pat. 2,157.879 (1939). 

621 Cole, A. N., and Tanuehill, A. L., U. S, Pat. 
2,162,838 (1939). 

622 I. G. Farbenindustrie A.-G., Brit. Pat. 391.- 
780 (1933). 

B 2 S I. G. Farbenindustrie A.-G., Fr. Pat. 765,- 
519 (1934). 
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ternary bases and salts of nitrophenols. 
The second group of the I. G. develop¬ 
ments embraces pure organic bases such as 
alkylamineS) alkylolamines, polyamines, and 
imines.**^ They are preferably used dis¬ 
persed or dissolved in organic solvents, 
e.g., high-boiling petroleum or tar oils. As 
the last two patents enumerate a very 
large number of compounds, they should 
be studied for further details. In a good 
paper on the Alkacid process, Bahr^^s 
pointed out that by the proper choice of a 
scrubbing agent it is possible to differen¬ 
tiate between carbon dioxide, hydrogen sul¬ 
fide, and hydrogen cyanide, so that the one 
or the other may be removed differentially 
from gases. A good example of such dif¬ 
ferentiation is presented by the Girdler 
process, which also uses organic bases for 
gas scrubbing, and which has attracted 
much attention in America. According to 
statements of the inventor himself and of 
others,626 the bases preferred by him, 
chiefly di- and triethanolamine, absorb car¬ 
bon dioxide and hydrogen sulfide readily, 
but hydrogen cyanide not at all. Doubt¬ 
less, it is necessary in all cases to balance 
carefully good absorption capacity (re¬ 
quiring strongly alkaline materials) against 
ease of actification (requiring weakly alka¬ 
line materials), and to select a base which 
is appropriate for the acid it is desired to 
recover. In general, the basic material em¬ 
ployed should have an electrolytic dissocia¬ 
tion less than that of the acidic gases which 
it is supposed to remove. 

With the exception of the Bahr process, 
which employs differentiating absorbing 
compounds, most hot actification processes 

624 I. G. Parbonindustrie A.-G., Brit. Pat. 417,- 
379 (1934). Bfthr, H., Wenzel, W., and Meng- 
dehl, H., U. S. Pat. 2,161,668 (1989). 

625 Btthr, H., Refiner natural Oaeoline Mfr., 
17, 237-44 (1938). 

626 Bottoms, R. R., Jnd. Eng. Ohem., 28, 501-4 
(1981) ; Proc. Am. Go# Ateoc., 1981, 1071-82. 


recover a mixed gas, from which hydrogen 
cyanide must be separated if it is to be 
used as such or in the form of cyanides. 
The schemes of Haun and Sperr 
are without question applicable to such a 
gas, and this subject is specifically treated 
by Schreiber.®®^ He scrubbed with water 
the gas obtained on hot actification of a 
foul sodium phenolate liquor (after com¬ 
pression, if desired), whereby he absorbed 
all the hydrogen cyanide and very little of 
the hydrogen sulfide and carbon dioxide. 
The last two gases were removed by blow¬ 
ing with a current of clean coke-oven gas, 
and the purified hydrogen cyanide solu¬ 
tion was distilled under vacuum, after acid¬ 
ification. The vaporized hydrogen cyanide 
was absorbed in caustic soda. 

The preceding outline of hot actification 
processes has been intended as a survey 
rather than a complete enumeration, which 
must be left to the chapter on gas purifi¬ 
cation. A number of additional patents 
are listed here,®-^ though the available ab¬ 
stracts do not specifically mention hydro¬ 
gen cyanide. The nature of the compounds 
mentioned in these patents makes it prob¬ 
able that they should be aseful for tlie 
purpose. 

Instead of hot actification Petit used 
regeneration by means of carbon dioxide. 
In his process weakly acidic gases, such as 
hydrogen sulfide and hydrocyanic acid, 
were absorbed by potassium carbonate so¬ 
lution. The foul solution was activated b> 
passing into it carbon dioxide, which ex- 

627 Schrpibpr, F. D., U, S, Pat. 2,219,713 
(1940). 

628 Ulrich, H., Dehnert, H., and Pries, F. A , 

U. 8. Pat. 2,011,386 (1935). I. G. Farben- 
industrle A.-G., Brit. Pats. 457,343 (1936), 

467,679 (1937), Fr. Pat. 811,473 (1937). Rob¬ 
inson Brothers Ltd., Parkes, D. W., and Evans, 
R. B., Brit. Pat. 468,972 (1937). Bkhr, H., and 
Wenzel, W., U. S. Pat. 2,106,446 (1938). Goll- 
mar, H. A., U. S. Pat. 2,163,169 (1939). 
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pelled the two weaker acids and converted 
the carbonate to bicarbonate. Heating the 
bicarbonate solution regenerated carbonate 
and liberated carbon dioxide, which was 
used again in the next cycle. Petit used 
this process only for the removal of hydro¬ 
gen sulfide, but it probably would be suc¬ 
cessful for the recovery of hydrogen cy¬ 
anide, especially if the expelled gases were 
treated with water, as Schreiber®^^ did 
with the hot actification gases. The Petit 
process is discussed in detail by several 
investigators.®^® 

Water, as the simplest and cheapest 
solvent, has been utilized for the recovery 
of cyanogen, as related above; very little 
work has been done on the use of organic 
solvents for this purpose. Inasmuch as 
hydrogen cyanide is miscible with water in 
all proportions while it is much less soluble 
in almost any organic solvent, the use of 
organic solvents would not offer any prac¬ 
tical advantages, especially in view of their 
much higher cost. 

Felt suggested washing coal gas, water 
gas, etc., with glycerol under pressure. He 
had in mind the removal of carbon dioxide 
and sulfur compounds, but doubtless re¬ 
moved hydrocyanic acid at the same time. 
The Societe anon, pour I'industrie chi- 
miqiie a Bale®®" extracted hydrogen cy¬ 
anide from gaseous mixtures by scrubbing 
them with organic carboxylic acid esters, 
e.g., diethyl oxalate, phthalic esters, esters 
of cyanoacetic acid, and ethyl benzoate. 
The patent gives a tabulation showing the 
absorption power of various esters. Millar 
and Groll employed esters and ethers of 

030 Stuvorinus, D., Het Oat, 42, 188-7 (1923). 
Thiiu, A.. Oat- u. Watserfach, 73, 827-9 (1930). 
aVrNpdden, W., Brcnnstoff-Chcm., 11, 67-8 

(1930). 

031 Felt, W. 0., U. S. Pat. 1,237,767 (1917). 

032 Boci6t6 anon, pour Tindustrie chimique a 
Bftle, Fr. Pat. 717,999 (1931). 

638 Millar, R. W., and Groll, H. P. A., U. S. 
Pats. 2,086,731-2 (1987). 


polyhydric alcohols. Their patents list a 
very large number of useful compounds. 

In concluding this survey of cyanogen- 
recovery methods, two methods may be 
mentioned which are unique though hardly 
practicable. Liebknecht separated and 
recovered hydrocyanic acid from gases by 
absorption on active carbon, silica gel, or 
other highly porous material moistened 
with water. Wucherer^®® found that on 
cooling coke-oven gas to successively lower 
temperatures, advantageously under pres¬ 
sure, he removed water, ammonia, carbon 
dioxide, various light oil fractions, and 
finally obtained hydrogen cyanide in solid 
form at a temperature of —100® C. 

These newer methods for the recovery 
of hydrogen cyanide as such, particularly 
by scrubbing with water, make a knowl¬ 
edge of pertinent physicochemical data 
most desirable. Unfortunately, such data 
are not generally available in handbooks, 
but are widely scattered in the literature. 
For the benefit of those desiring a closer 
study of the problem the more recent con¬ 
tributions are here briefly summarized. 

Partington and Carroll ®*® determined 
the specific heats of hydrogen cyanide. 
Bredig and Teichmann®*® measured its 
critical temperature and pressure, its vapor 
pressures from -15® C to the critical tem¬ 
perature, and its surface tension at 25® C. 
Perry and Porter ®*^ have given the vapor 
pressure of solid hydrogen cyanide from 
-30" C to the triple point, and for the 
liquid from the triple point to +27® C. 
They presented formulas for these data. 
Latent heats of sublimation, fusion, and 
evaporation were also given. Walker and 

634 Liebknecht, O., U. S. Pat. 1,605,897 (1926). 

635 Partington, J. R., and Carroll, J. F., Phil. 
Mag., 48, 1665-80 (1925). 

636 Bredig, 0., and Teichmann, L., Z. BUktro- 
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687 Perry, J. H., and Porter, P., J. Am. Chem 
8oo., 48, 229-802 (1926). 
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Marvin®*® worked out a table by means 
of which the hydrogen cyanide content of 
a hydrogen cyanide-water mixture contain¬ 
ing over 80 percent hydrogen cyanide can 
be determined with an accuracy of =b0.1 
percent. Sinozaki, Kara, and Mitsu- 
kuri®*® determined the vapor pressures 
for solid hydrogen cyanide from -86 to 
— 13.5®C, and for the liquid from —16 to 
-1-43® C. Shirado®^® reported the specific 
gravities of aqueous solutions of hydro¬ 
cyanic acid over a wide range of concen¬ 
trations, and Bredig and Shirado®'** have 
determined the vapor pressures and spe¬ 
cific gravities of aqueous solutions ranging 
in concentration from 5 to 100 percent hy¬ 
drogen cyanide. Schwarz ^®* calculated 
and determined vapor pressures of hydro¬ 
gen cyanide and its aqueous solutions at 
different temperatures and low concentra¬ 
tions, and determined the solubility of hy¬ 
drogen cyanide in distilled water and in 
water saturated with fuel-oil gas or con¬ 
taining various acids or salts. Sinozaki 
and Kara contributed determinations of 
the densities of gaseous and liquid h>’dro- 
cyanic acid, the heats of vaporization and 
sublimation, and some thermodynamic cal¬ 
culations. Coates and Hartshorne made 
a detailed .study of the freezing points of 
hydrogen cyanide-water mixtures, finding 
only limited miscibility at low tempera- 

838 Walker, M., and Marvin, C, J., Ind. Eng. 
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643 Coates, J. and Hartshorne, N. H., J. 
Chem. 8oc., 1081, 657-65. 


tures. Fredenhagen determined density, 
inner friction, dielectric constant, dipole 
moment, dissolving pow^r, and dissociation 
power of hydrocyanic acid. He measured 
solubilities and conductivities of various 
salts in liquid hydrogen cyanide. Freden¬ 
hagen and Wellmann ®^* calculated the dis¬ 
tribution number of hydrogen cyanide and 
water over the two-component system 
HgO-HCN at IS® C. 

The small amount of hydrocyanic acid 
contained in coal carbonization gases and 
the restricted markets for cyanide products 
have always mitigated against its recovery. 
Small wonder that a surprising number of 
efforts W'ere made either to convert it to 
ammonia or to destroy it completely. 
Most of these proposals are based on the 
fact that hydrogen cyanide is the nitrile 
of formic acid, and that therefore saponi¬ 
fication with either alkali or acid will yield 
ammonia. Under proper conditions even 
water, or steam, is suitable for saponifica¬ 
tion. 

As has already been pointed out in the 
ammonia section of this chapter, the for¬ 
mation of hydrogen cyanide in coking is 
supi)res.'<ed by the presence of steam, as 
when wet coking coals are u.'^ed. Dun- 
nachie converted those quantities of hy¬ 
drogen cyanide which w-ere formed in blast 
furnaces, coke ovens, gas producers, and 
the like by subjecting them outside of the 
ga.s-producing equipment to a treatment 
with steam. Collin treated gases con¬ 
taining hydrogen cyanide, after the separa¬ 
tion of ammonia, with steam and sulfuric 
acid in a special apparatu.s. Ammonium 
sulfate was thus produced. An alkaline 
hydrolysis i.s indicated by the findings of 
Foulis*^® that the cyanogen is converted 

644 Frodenliagen, K., Trane. Electrochem. 8oe., 
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to ammonia if the gas is passed through 
lime purifiers before entering the oxide 
boxes. This was verified by Hunt,®^® who 
made the same observation but considered 
the dilutions too great to warrant recovery. 
Sommer made a splendid study of the 
problem, particularly as regards the devel¬ 
opment of a method of cyanogen conver¬ 
sion which could be adapted to coke-plant 
operation with a minimum of trouble and 
expenditure. He employed saponification 
with 60® Baume sulfuric acid and had no 
difficulty in getting a 98.4 percent yield. 
In a number of tests he used diluents such 
as steam, carbon dioxide, and hydrogen 
and found that they impaired the yield 
somewhat. Temperatures of 70 to 100® C 
were found to be satisfactory. The princi¬ 
pal reaction involved is the complete de¬ 
struction of the hydrogen cyanide mole¬ 
cule according to the equation: 

HCN + HOH = Nils -f CO 

(no doubt involving the intermediate for¬ 
mation of formic acid), but Sommer ob¬ 
served as side reactions the formation of 
hydrogen: 

HCOOH = CO 2 -h 112 

and even of some methane. For the prac¬ 
tical application of his principle, Sqmmer 
proposed to use a modified Collin saturator 
with a built-in saponificr (shown in Fig. 
13) in which hydrogen cyanide comes in 
intimate contact with hot 60® Baume sul¬ 
furic acid. Sommer contemplated using his 
scheme for indirect ammonia plants, which 
do not handle the gas itself in the satu¬ 
rator but only the gases coming from the 
ammonia stills. Since the ordinary ammo¬ 
nia liquor worked up in such plants con¬ 
tains only a fraction of the total cyanogen 

040 Hunt, C., J. Oaa Lighting, 69, 1055 (1897). 

047 Sommer, F.. Stahl u. Kiaen, 41, 862-9 
(1921). 


of the gas, Scnnmer suggested emplo 3 dDg 
the O'Neill process,in which the gas is 
scrubbed with ammonia concentrate from 
the ammonia stills, thereby removing all 
the cyanogen from the gas. It is doubtful 
that the Sommer process would be ap¬ 
plicable to American practice, which largely 



in sapouifler.**’' 

GA —gas outlet. 

GE —gas inlet 

DE —inlet of still vapors containing ammonia, 
carbon dioxide, hydrogen sulfide, and hydrogen 
cyanide. 

DA —outlet of still vapors. 

SE —inlet for sulfuric acid. 

employs the semi-direct ammonia-recovery 
system. 

In a number of gas-purification systems, 
also, hydrocyanic acid is eventually recov¬ 
ered in the form of ammonia. Thus Burk- 
heiser obtained it in his process as am¬ 
monium thiocyanate. This he converted to 
the calcium salt, which was converted to 
ammonia by an undisclosed process. He 
asserted that the yield of ammonia was 
increased in this manner by about 10 per¬ 
cent. Reichel,*^® in his report on the Burk- 

648 Relchel, J.. ibid., 38, 982-7, 1028-30 

(1913). 
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heiser process, said the same thing, but 
gave little information as to the conversion 
process employed except that the calcium 
thiocyanate was ''heated, or oxidized or 
reduced/^ The process Burkheiser had in 
mind is indicated by some of his patents,®^® 
according to which the thiocyanates were 
added to the coal to be coked in the ovens, 
or simply heated with lime. Thiocyanate 
solutions may be treated with nascent oxi¬ 
dizing or reducing substances such as hy¬ 
drogen peroxide, sulfur dioxide, or nascent 
hydrogen. Overdick,®®®* ®®^ in his process 
for the simultaneous recovery of ammonia 
and hydrogen sulfide from the gas, recov¬ 
ered the hydrogen cyanide in the form of 
a strong solution of ammonium thiocyanate, 
which was decomposed with sulfuric acid 
at 100 to 180° C to form ammonium sul¬ 
fate. Hansen®®® in his CAS process, de¬ 
scribed in detail in the ammonia section of 
this chapter, also recovered hydrogen cy¬ 
anide as ammonia, together with the hy¬ 
drogen sulfide and ammonia of the gas. 
He first converted it to thiocyanate, which 
was then hydrolyzed under pressure in an 
aqueous solution containing polythionic 
acids, according to the equation 

NH 4 SCN + 2 H 2 O =* 2 NH 3 -f HjS -h CO 2 

The hydrolysis of ammonium thiocyanate 
to ammonia has become an important 
problem for the industry since it fits so 
nicely into the general arrangement of the 
normal coke plant. Reference may there¬ 
fore be made to a number of papers and 
patents dealing with this subject.®®®* ®®^* ®®® 

Catalytic conversion in a practical man- 

649 Burkheiser, K., Brit. Pats. 15,742, 16,972 
( 1012 ). 

660 Williams, P. B., Brit. Pat. 2,841 (1914). 
South Metropolitan Gas Co., Ger. Pat. 321,661 
(1914). Evans, B. V., U. S. Pat. 1,148,368 
(1915). Gluud, W., Schneider, G., and ScliSn- 
felder, R., Rer. Oet. Kohlentech., 1. 186-4)4 
<1028). 


ner was achieved by Bahr*^® in his am¬ 
monia-cyanogen-sulfur recovery process, 
which has been outlined in detail in the 
ammonia section of this chapter. Carpen¬ 
ter and Linder ®®' first observed the vapor- 
phase hydrolysis of hydrogen cyanide to 
ammonia when they noted the ammonia in 
the exit gases from a Claus kiln, in which 
saturator-waste gases (indirect process) 
were oxidized to sulfur. They attributed it 
to the interaction of hydrocyanic acid with 
the steam produced by the oxidation of 
the hydrogen sulfide. To verify their be¬ 
lief, they passed hydrogen cyanide, mixed 
with carbon dioxide and steam, or carbon 
dioxide, hydrogen sulfide, and steam, over 
broken brick at 300 to 600° C, and found 
conversion to ammonia and carbon monox¬ 
ide to take place. In a later contribu¬ 
tion,®®® the authors studied this reaction 
very much in detail, using broken brick, 
iron oxide, and Weldon mud as catalytic 
agents, with or without the addition of car¬ 
bon dioxide, hydrogen sulfide, and air to 
the hydrogen cyanide-steam mixture. An 
ammonia yield of 96.5 percent was easily 
obtained at 280° C over iron oxide. Ex¬ 
cept when they used Weldon mud, which 
exerts a powerful oxidizing action, th*ey ob¬ 
served practically no decomposition to free 
nitrogen at temperatures up to 625° C. 
The reactions involved are: 

HCN + H 2 O = NHa + CO 
CO + H 2 O = CO 2 -h H 2 

Schreiber®®® heated a number of nitrog¬ 
enous materials in mixture with hydrated 
iron oxide to 350“ C and obtained 46 to 74 
percent of the nitrogen content as ammo- 

651 Carpenter, R. P., and Linder, S. E., J. Soc. 
Chem. Ind., 22, 457-65 (1903), 28, 677-91 
(1904). 

652 Carpenter, R. P., and Linder, S. B., ibid., 
24, 68-71 (1905). 

658 Schreiber. P.. Ohem.-Zta.» 8S, 943 (1811). 
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nia. Pyridine was one of the compounds 
used. By conducting coke-oven gas 
through a tube charged with hydrated iron 
oxide and heated to 350C, all the nitro¬ 
gen compounds were converted to ammo¬ 
nia. In an elaboration on this work, 
Schreiber®®* passed coke-oven gas, which 
contained 16 grains hydrogen cyanide per 
100 cubic feet and from which the ammo¬ 
nia had been carefully removed, over fer¬ 
rous or ferric oxide at 300° C; he found 
the resulting gas to contain 19 and 13 
grains ammonia, so that besides the hy¬ 
drogen cyanide other nitrogen compounds, 
e.g., pyridine, must have been decomposed. 

Burkheiser; in his early gas-purification 
process, revivified the iron oxide by roast¬ 
ing it carefully at low temperatures. Ac¬ 
cording to Reichel,®^® ammonia was always 
obtained in this roasting stage, a resuk 
which could be attributed only to conver¬ 
sion of the cyanogen taken out of the gas. 
Halvorsen obtained a 99 percent con¬ 
version of hydrogen cyanide to ammonia 
when he passed a mixture of hydrogen cy¬ 
anide, hydrogen, and some air over a cata¬ 
lyst of iron and chromium oxides at 
400° C. 

The last resort for the removal of hydro¬ 
cyanic acid from gas is its destruction with¬ 
out recovery of any values. This has 
rarely been employed but bears further in¬ 
vestigation inasmuch as the poor return for 
ammonia and lack of markets for cyanogen 
compounds would make this alternative at¬ 
tractive whenever it is deemed advisable to 
rid the gas of an undesirable constituent. 
Kaysser suggested destroying it by per¬ 
manganate wherever it exerts its destruc¬ 
tive influence, as in gas holders and meters. 
A more practical aspect of the problem is 

654 Schreiber, F., Z. anpew. Chem.j 25, 2289- 
96 (1912). 

656 KayiBser, O., Ger. PatB. 198,288 (1907), 
218,949 (1909). 


presented in the disposal of ammonia-still 
efduents, which contain sizable quantities 
of thiocyanates. One method of disposing 
of such still waste is to destroy its harm¬ 
ful components by bacterial action. In so 
doing, the thiocyanate is oxidized by cer¬ 
tain mixtures of bacteria, a large part of 
its nitrogen content appearing as nitrate. 
A number of references ®®® illustrate the 
principles involved. 

As has been shown above, cyanogen is 
recovered from coal-distillation gases al¬ 
most exclusively in the form of prussiates, 
thiocyanates, and ammonia. As the utili¬ 
zation of these compounds is usually left 
to chemical companies, literature on this 
subject will, therefore, not be reviewed in 
this chapter. However, it may be pointed 
out that the greatest efforts have probably 
been expended on finding processes for the 
conversion of prussiates and thiocyanates 
to cyanides and hydrocyanic acid. The 
older literature is splendidly abstracted by 
Williams,^^^ Bertelsmann,^*^ and Kohler.”*®® 
Some of the more recent advances in the 
art are taken care of by Gluud and Jacob¬ 
son and by the Berichte der Gcsellschaft 
jur Kohlentechnik,^^'^ Still more recent 
patents are listed here.®®® 

058 Fowler, G. J., Arden, H., and Lockett, W. 
T., J. Soc. Chem. Ind., SO. 174-9 (1911). Fow¬ 
ler, G. J., and Holton, A. L., ibid., 80. 180-1 
(1911). Fowler, G. J., and Shepard, S. W., 
ibid., 30. 181-4 (1911). Inetitution of Gas En¬ 
gineers, Gaa World, 97, 400-3, 433-6 (1932). 

657 Ber. Oea. Kohlenteeh., 1, 186-94 (1923), 
1 . 325-36 (1924), 2. 26-9, 55-68, 310-47 (1926). 
3. 385-119 (1931), 4. 85-50 (1931), 4. 805-9 
(1933). 

668 Bergwerksverband zur- Verwertung von 
Schutzrechten der Kohlentechnik G.m.b.H., Qer. 
Pats. 488,271 (1924). 489,182 (1926). Van der 
Meulen, J. H., Ger. Pat. 449,730 (1928). Gluud. 
W.. and Keller, K., Ger. Pats. 580,821 (1929), 
576,531 (1933). Gluud, W., and Dieckmann, C., 
Ger. Pat. 526,716 (1930). Sulman, H. L.. and 
Picard, H. F. K., Brit. Pat. 894,004 (1988). 
Ges. ftir Kohlentechnik m.b.H., Brit. Pat, 899.718 
(1988); Fr. Pat. 752,296 (1988), Ketlar. 




1124 


RECOVERY OF NITROGENOUS COMPOUNDS FROM GASES 


DETERMINATION OP HYDROCYANIC ACID 

Analytical procedures for the determina¬ 
tion of hydrocyanic acid in coal-distillation 
gases, of simple and complex cyanides and 
thiocyanates obtained by the various cyan¬ 
ogen-recovery systems described above, and 
of the cyanogen compounds contained in 
ammonia liquor are extremely numerous. 
Owing to the great difficulty of the chem¬ 
istry of cyanogen compounds, the publica¬ 
tions are often contradictory, the older ones 
especially so. Feld^®^ deserves the credit 
of having made the first comprehensive 
study of the various problems involved, 
and his methods have remained useful to 
this very day. Details of procedure are 
available in several textbooks. 

496,669 Pqp benefit of those desiring 
more information, a large number of pub¬ 
lications have been arranged in five general 
groups; they should be consulted. Natu¬ 
rally, a considerable amount of overlapping 
must be expected since many papers could 
have been classified in several of these 
groups. 

Group i. Determination of hydrogen 
cyanide in gases.^^^- 

U. S. Pat. 1,931,441 (1934). Van Setcrs, A. W., 
U. S. Pat. 2,035,030 (1930). 

669 American Gas Association, Gas Chemists* 
HandhoQk, Am. Oas Assoc., New York, 1929, 
795 pp. 

660 Lee, J. W., J. Oas Lighting, 105, 854 
(1909). Mueller, M. E., Progressive Age, 28, 
1101-2 (1911); Chem. Ahs., 5, 1833 (1911). 
Sell, G. B., Ind. Eng. Chem., 18, 142-3 (1926). 
S^il, G. E.. Skelly, J. S., and Heilisman, H. A., 
Oas Age-Record, «0, 179-80, 223-4, 259-60 
(1927). Perna, P., Plyn a Voda, 8, 139 (1928) ; 
Paliva a Topeni, 10 (1929) ; Chem. Ahs., 28, 
2552 (1929). Pieters, H. A. J., and Penners, 
K., Het Oas, 52, 382 (1032), 55, 402-4 (1935). 
Voituret, K., BrennstofJ-Chem., 13, 264-5 

(1932). Klempt, W., and Riese, W., ibid., 14, 
21-5 (1933). Brender 0 Brandis, G. A., and 
Bohlken, S. F., Het Oas, 53, 194-200 (1933). 
Boye, B., Chem.-Ztg., 60, 508-9 (1936). Ey- 
mann, C., Oas- u. Wasserfach, 81, 484-8 (1938), 
88. 51-4i (1940) ; OlUokauf, 76, 586-9 (1940). 


Group 2. Determination of hydrogen 
cyanide and simple cyanides in solution.®®^ 
Group 3. Determination of complex cy¬ 
anides and thiocyanates.*®®' *®®' ®®^' ®®®' 

662 

66t Grossmann, H., and HOlter, L., Chem.-Ztg., 
84, 181 (1910). Schramm, Q., J. Oasheleucht., 
56, 389-91 (1913). Votofek, B., Chem.-Ztg., 42, 
257-60, 271-2 (1918) ; J. Chem. 8oo., 114, 11, 
272 (1918). Lavlnlle, P., and Varenne, L., J. 
pharm. chim., 17, 97-102 (1918). Lang, R., Z. 
anorg. allgem. Chem., 142, 280-98 (1925). 

VotoCek, B., and Kotrba, J., Collection Czecho- 
slov. Chem. Commun., 1, 165-72 (1929) ; Chimie 

6 Industrie, Special No. 164 (1929) ; Chem. Ahs., 
23, 3640 (1929). Rosen thaler, L., Pharm. Acta 
Helv., 7, 45-8 (1932) ; Chem. Ahs., 26, 4556 
(1932). Pagel, H. A., and Carlson, W., J. Am. 
Chem. Boc., 54, 4487-9 (1932). Morris, S., and 
Lilly, V. G., Ind. Eng. Chem., Anal. Ed., S, 407-8 
(1933). 

662 Knublauch, O., J. Oasheleucht., 32, 450-9, 
493-500 (1889). Gasch, R., ibid., 32, 966-71 
(1889). Moldenhauer, C., and Leybold, W., 
ibid., 82, 156-8 (1889). Lubberger, H., ihid., 
41, 124-6 (1898). Nauss, A. O., ihid., 43, 696-7 
(1900). Bernheimer, 0., and Schiff, P., Chem.- 
Ztg., 26, 227-8 (1902). Ltihrig, H., ihid., 26, 
1039-41 (1902). WItzeck, R., J. Oasheleucht., 
47, 545-7 (1904). Colman, H. G., Analyst, 88, 
261-72 (1908), 85. 295-306 (1910). Sklrrow, 
F. W., J. Boc. Chem. Ind., 29, 319-23 (1910). 
Williams, H. E., ihid., 81, 468-71 (1912). Ron- 
net, L., Ann. chim. anal., 10, 366-7 (1912) ; 
Chem. Ahs., 6 , 60 (1912). Knublauch, O., J. 
Oasheleucht., 55, 713-8 (1913) ; Z. angew. Chem., 
Aufsatz, 26, 426-31 (1913) ; J. Gas Lighting, 
123, 370-1 (1913). Myhill, A. R., Oas World, 
60, 387-9 (1914). Knapman, P. G. W., and 
Randall, E. L., Chem. News, 113. 265-6 (1916). 
Randall, E. L., J. Oas Lighting, 183, 581 (1916). 
Mailer, A., Chem.-Ztg., 42, 457 (1918). Col¬ 
man, H. G., and Yeoman, E. W., J. Oasheleucht., 
145, 68-9, 112-3, 169-70 (1919). Kolthoff, 1. 
M., and van der Ileyde, R., Pharm. Weekhlad, 
56, 1565-8 (1919) ; Chem. Ahs., 14, 504 (1920). 
Mailer, E., and Laiiterbach. H., Z. anal. Chem., 
01, 399-403 (1922). Bellucci, I., and Ricca, 
B., Atti congr. naz. chim. pura applicata, 1028, 
476-82; Chem. Ahs., 18, 3334 (1924). Gum¬ 
ming, W. M., J. Chem. Boc., 125, 240-3 (1924). 
Feigl, F., and Schummer, O., Z. anal. Chem., 
64, 249-56 (1924). Lang, R., Z. anorg. allgem. 
Chem., 188, 271-7 (1924) ; Z. anal. Chem., 67, 
1-15 (1925). Cumming, W. M., and Good, W., 
J. Chem. Boc., 1920, 1924-8. Kolthoff, I. M., 
and Vleeschhouwer, J., Rec. trav. chim., 45, 928- 

7 (1926). Blcskei, J., Z. anorg. allgem. Chem., 
160, 271-2 (1927). Anon., Chemistry d Indus- 
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Group 4, Determination of cyanogen 
compounds in gas liquors.®®^ 

Group 6. Color reactions, semi-quanti- 
tative and qualitative determinations.®®^* ®®® 

Recovery and Utilization of Pyridine 
FROM Gases 

As has already been stated, the term 
pyridine is commonly understood to em¬ 
ery, 47, 1308-10 (1928). Knop, J., Z. anal. 
Ghem., 77, 111-25 (1920). Schwicker, A., ibid., 
77, 161-9 (1929). Brender ft Brandis, O. A., 
and Bohlken, S. F., Het Gas, 58, 353-7 (1933). 
Willard, H. H., and Young, P., J. Am. Ghem. 
Boc., 55, 3260-9 (1933). Boye, B., Ghem.-Zto., 
00 , 757 (1936). 

063 Weisspr, F., Ghem.-Ztg., 80, 1285-7 (1913). 
55th Ann. Kept. Alkali Works (1918), pp. 53-74; 
Ghem. Abs., 14, 825 (1920). Spielmann, P. B., 
and Wood, H., J. Boc. Ghem. Ind., 88, 43-6T, 
309-70T (1919). Shaw, J. A., J. Ind. Eng. 
Ghem., 12, 676-7 (1920). Travers, A., and 
Avenet, Gompt. rend., 190, 1015-6, 1128-9 

(1930), 192. 52-3 (1931). 

064 Spacii, G., Bui. Boc. Btiinte Gluj, 1, 284- 
91, 302-5 (1922) ; Ghem. Abs., 17, 1772 (1923). 

66 S Browning, P. E., and Palmer, H. B., Am. 
J. BcL, 23, 448-60 (1907) ; Z. anorg. allgem. 
Ghem., 54, ,316-8 (1908). Lockemann, G., Ber., 
43, 2127 (1911). Barnebey, O. L., J. Am. Ghem. 
Boc., 80, 1092-3 (1914). Feigl, F., Ghem.-Ztg., 
88 , 1265 (1914). Kolthoff, I. M., Pharm. Week- 
blad, 54, 1157-71 (1917) ; Ghem. Abs., 12, 30 
(1918). Jonnessenux, L., J. pharm. chim., 19, 
363-4 (1919) ; Ghem. Abs., 13, 2494 (1919) ; 
Ann. chim. anal. chim. appl., 1, 16-20 (1919) ; 
Ghem. Abs., 14, 710 (1920). Chelle, L., Bull. 
HOC. pharm. Bordeaux, 1919, 70; J. pharm. 
chim., 10, 361 (1919) ; Ghem. Abs., 18, 2494 
(1919). Moir, J., J. S. African Assoc. Anal. 
Ghem., ,% 16 (1920) ; Ghem. Abs., 15, 1673 
(1921). Snndberg, T., Bvensk Kern. Tids., S3, 
112-3 (1921); Ghem. Abs., 15, 3431 (1921). 
Peset, J., and Aguilar, .T., Arch. med. legal. 1, 
18-21 (1922) ; Ghem. Abs., 17, 3149 (1923). 
Buchanan, G. H., Ind. Eng. Ghem., 15, 637-40 
(1923). Neureiter, Von F., Deut. Z. ges. gerichtl. 
Med., 2, 313-7 (1923) ; Ghem. Abs., 18. 1627 
(1924). Denlgfts, G., Mikrochemie, 4, 149-54 
(1926). Banerjee, P. C., J. Indian Ghem. Boc., 
0 , 259-62 (1929) ; Ghem. Abs., 28, 4907 (1929). 
Guglialmelli, L., and Ruiz, C., Anales asoc. 
quim. argentina, 17, 189-208 (1929) ; Ghem. 
Ab«., 24, 1057 (1930). Pavllnovi, A. V., and 
Bakh, T. N., Ukrain. Khem. Zhur., 5, 233-4 
(1930) ; Ghem. Abs., 25. 2076 (1931). La Rosa, 
L., Ghim. ind. agr. bid., 9, 90 (1933) ; Ghem. 
Abs., 27, 2907 (1983). 


brace a multitude of nitrogenous materials, 
generally of basic nature and predinui- 
nantly of heterocyclic structure. The 
quantity produced in carbonizing coal is 
very small, much smaller than that of am¬ 
monia or cyanogen. Moreover, on account 
of their widely varying boiling points and 
their solubility in water and in oils, the 
pyridine bases are divided between the tar 
and the gas stream, making the quantity 
contained in each even smaller. Figures 
on the production per ton of coal have 
already been given, but in this section the 
recovery of values from the gaseous phase 
will be discussed, and the few available 
data on its pyridine contents will be pre¬ 
sented. 

Klempt and Rober,®® in a very excellent 
paper on the recovery of pyridine from 
ammoni.a saturator exhaust in the indirect 
process, stated that the tar-free gas con¬ 
tains from 5 to 8 grains of bases per 100 
cubic feet. Wald®®® recovered 10 to 14 
grains per 100 cubic feet of gas, and, 
though Meredith ®®^ using the Schutt proc¬ 
ess obtained only 5 grains per 100 cubic 
feet, he stated that the gas entering the 
saturator contained 20 to 30 grains per 100 
cubic feet. Thus a recovery between 5 
and 15 grains from coke-oven gas may 
normally be expected. These figures will 
be influenced by a large number of factors, 
such as the kind of coal carbonized, kind 
and temperatures of the ovens, and kind 
of ammonia-recovery system. Where 
straight high-volatile coals are coked the 
yield is usually from two to three times 
higher than when coals or mixtures of 
lower volatile-matter content are coked. 
However, publications on this whole sub¬ 
ject are very few and sadly lacking in de- 

006 Wald, M. D., Iron Steel Engr., 17, 55-8 
(1940). 

667 Meredith, H. J., Proc. Am, Gas Assoc., 
1941, 666-7. Schutt, J. W., U. S. Pat. 2,811,134 
(1942). 
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tail, and a proper correlation of the factors 
mentioned above with the yields obtained 
has never been attempted. This certainly 
is virgin ground and a proper subject for 
searching study. 

Unlike cyanogen, pyridine is not known 
to exert any harmful effects either on the 
equipment of the byproduct plant or on 
the gas-distribution system. However, it 
does give to ammonium sulfate a disagree¬ 
able odor, becomes obnoxious to the work¬ 
men if the sulfate is neutralized, and defi¬ 
nitely promotes acidity and caking if left 
in the salt. Macleod, Chapman, and Wil¬ 
son®®® have contended that the caking of 
ammonium sulfate is roughly proportional 
to the quantity of pyridine sulfate adher¬ 
ing to the crystal surfaces, and that as lit¬ 
tle as 0.001 percent has a very consider¬ 
able effect. Nolte and Kramer,®®® in their 
specifications for acceptable ammonium 
sulfate, gave 0.05 i)ercent as the upper 
limit for pyridine content. Further infor¬ 
mation on this subject has already been 
given in the ammonia section. 

It is thus apparent that pyridine recov¬ 
ery would be quite desirable, but the in¬ 
tangible benefits derived therefrom would 
be too insignificant to prompt plant man¬ 
agers to install recovery equipment, and 
any proposed scheme must, therefore, 
stand on its own feet and pay for itself 
in dollars and cents. This was not pos¬ 
sible in the past, when the supply of pyri¬ 
dine easily and cheaply obtainable from 
tar was more than adequate to fill the 
needs of industry. Beginning in the late 
’30’s, however, the picture changed consid¬ 
erably. New uses have come to the fore, 
such as the preparation of pharmaceuticals 
and textile auxiliaries, which require 

688 Macleod, J., Chapman, C., and Wilson, T. 
A., Gas J., 178, 291--4 (1927). 

609 Nolte, A. G., and Kramer, W. A., Wafer 
Works Eng., 85, 1540 (1982). 


greater quantities than can be furnished 
by the tar distillers, and a lucrative field 
is thus opened up for the coke plants. 

Before taking up methods of recovering 
pyridine from gas it may be well to find 
out just how the pyridine bases are dis¬ 
tributed in the gas. Comparatively little 
is known on this subject, and only recently 
have investigators endeavored to shed some 
light on it. Klempt and Rober®® found 
for an indirect plant that about 40 percent 
of the pyridine in the crude gas coming 
from the ovens is separated with the tar, 
while 60 percent passes on with the gas and 
is found in the ammonia liquor and in the 
light oil. For a plant producing 9,890,000 
cubic feet of gas the authors found in the 
crude gas 138.2 pounds of pyridine bases, 
distributed as shown in Table XXIX. Of 

TABLE XXIX 

Distribution of Pyridine Bases in the 
Gab from Coke Ovens 

Gas Pyridine Bases 

pounds per 9,890,000 
cubic feet 

From ovens 138.2 

After coolers 56.6 

After ammonia scrubbers 7.9 

After light oil scrubbers 2.71 

the 81.6 pounds removed in the coolers, 
48.5 pounds were contained in the tar and 
33.1 pounds in the liquor. The latter quan¬ 
tity combined with the 48.5 pounds washed 
out in the ammonia scrubbers gave a total 
of 81.6 pounds entering the ammonia house 
with the ammonia liquors. Taking this 
amount as 100 percent, the distribution 
shown in Table XXX was obtained in the 
ammonia house. 

Meredith ®®^ reported the distribution of 
pyridine for a semi-direct coke plant 
shown in Table XXXI. It is obvious from 
these tables that recovery of pyridine from 
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TABLE XXX 

Distribution op Pyridinii Bases in the 
Ammonia House ** 

Percent 

Loss in still waste 11.0 

Remained in saturator 4.5 

Removed with sulfate 1.2 

Vent gas from saturator 82.0 

TABLE XXXI 

DisTRiBunoN OF Tar B vbes (Pyridine Equiv¬ 
alent) FOR A Semi-Direct Coke Plant"’ 

Qas entering the eaturaturs 20 to 30 graina per 100 cubic 
feet 

Gas leaving the saturators 10 to 15 grains per 100 cubic 
feet 

Saturator liquor 40 to .50 grams per liter 

Gas after the final coolers 0 
Still waste Trace 

Ammonium sulfate 0.07 to 0.18 percent 

Gas liquors 0.2 to 0.4 gram per liter 

coal gas is most feasible somewhere in the 
ammonia house, depending on the type of 
ammonia-recovery system used. 

The ammonia liquor itself contains too 
little pyridine to warrant a direct recovery. 
According to Klempt and Rober,*® ammo¬ 
nia liquor of an indirect coke plant con¬ 
tained 0.148 gram of pyridine per liter, 
and liquor from a semi-direct plant, ac¬ 
cording to the above table by Meredith, 
contains from 0.2 to 0.4 gram per liter. In 
some cases, where liquor volume is very 
small, large amounts may be expected. 
Thus Szeki and Romwalter reported for 
a liquor from the low-temperature carboni¬ 
zation of a Bohemian brown coal a pyri¬ 
dine content of 8.85 grams per liter. Such 
high concentrations are rare and without 
practical consequence. For this reason, re¬ 
covery from ammonia liquor has not been 

«70 Sz^ki, J,, and Romwalter, A., Roy. Hung. 
Palatin-Joseph Univ. Tech. Boon. 8ci., Pub. Dept. 
Mining Met., 8. llC-26 (1936) ; Ohem. Abs., 32, 
3124 (1938). 


practiced, though Shadbolt proposed 
distilling the liquor in the presence of sol¬ 
vent oils such as gasoline, benzol, paraffin, 
naphtha, or creosote to facilitate the re¬ 
covery of byproducts like pyridine. 

The ammonia still waste contains even 
less pyridine (only 0.0123 gram per liter 
according to Klempt and Rober),®® yet its 
recovery has been attempted by Knapp 
in conjunction with a proposal for the re¬ 
moval of phenol. He suggested putting the 
still waste in contact with a vaporous ab¬ 
sorbing medium such as benzol, in a contin¬ 
uous cyclical process. The liquid benzol 
containing pyridine and phenol was then to 
be treated with sulfuric acid to remove the 
pyridine. 

Much better prospects are offered in the 
operation of the ammonia saturator, be¬ 
cause in either the direct or the indirect 
ammonia process almost all the pyridine 
contained in the gas must pass through the 
saturator. Offhand one would assume that 
owing to its basic nature pyridine would 
be retained by the saturator acid as com¬ 
pletely as ammonia. Such an assumption 
is incorrect, however, because pyridine sul¬ 
fate dissociates readily, particularly at the 
relatively high temperatures and the low 
acid concentrations at which the average 
saturator is run. Gluud and Schneider®’® 
found this out when they attempted to re¬ 
cover pyridine from two old saturator 
baths in which they thought it had accumu¬ 
lated. Surprisingly, they found only 1.47 
and 1.83 percent pyridine besides 5.15 and 
7.27 percent free sulfuric acid. Laboratory 
tests, in which aqueous, acid pyridine sul¬ 
fate solutions were distilled, confirmed the 
suspicion that pyridine sulfate is stable 

871 Shadbolt, S. M., and Chemical Bnglneerini;, 
and Wilton’s Patent Furnace Co. Ltd., Brit Pat' 
276,39.3 (1926). 

872 Knapp, W. R., U. S. Pat. 1,878,927 (1982). 

673 Gluud, W., and Schneider, O., Ber. Ge«. 

Kohlentech., 1, 42-3 (1921). 
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only at low temperatures and dissociates at 
elevated temperatures. The authors ex¬ 
pressed the opinion that the larger portion 
of the pyridine leaves the saturator with 
the gas, and that cold sulfuric acid would 
be necessary to recover it. Dodge and 
Rhodes found between 2.5 and 7,5 per¬ 
cent pyridine in saturator liquors contain¬ 
ing from 6 to 10 percent sulfuric acid, the 
lower figure appearing to be the more com¬ 
mon one. Wald noted that a saturator 
bath after 8 hours' operation would con¬ 
tain about 2 percent and after 3 days' op¬ 
eration about 5 percent pyridine. Klempt 
and Rober,®® in their studies on the recov¬ 
ery of pyridine from the saturator vapors 
of an indirect ammonia plant, investigated 
the equilibrium conditions in the system 
pyridine sulfate-sulfuric acid-pyridine, 
adapting their test procedure to plant con¬ 
ditions. Since the waste gases from an 
indirect ammonia saturator contain a large 
proportion of steam and about 40 grains 
of pyridine per 100 cubic feet, the authors 
treated solutions containing about 18 per¬ 
cent pyridine and enough sulfuric acid to 
bind it, plus sulfuric acid excesses of 0, 10, 
50, 100, 200, and 300 percent, with steam 
containing 40 grains of pyridine per 100 
cubic feet. After having passed through 
the solutions the steam was condensed and 
the amount of unabsorbed pyridine was 
determined in the condensate. The results 
of their tests are given in Table XXXII. 
It will be seen from the table that, unless 
there is a sufficient excess of sulfuric acid 
to bind the pyridine as the bisulfate, there 
is no absorption. On the contrary, pyri¬ 
dine is given off by the solutions and car¬ 
ried away by the gas stream. An excess 
of 200 percent is necessary for a really 
good removal. 

674 Dodge, F. E., and Rhodes, F. H., Chem. d 
Met. Eng., 22, 274-5 (1920) ; Trane. Am. Inet. 
Chem. Bngre., 12, 239-44 (1919). 


TABLE XXXII 

Pyridinebulfuric Acid with 18 Percent 
Pyridine 

Percent Excess of Sulfuric Acid 
0 10 50 100 200 300 


Temperature 

Pyridine carried over by 100 cubic feet 



of vapors in grains 

70 

240 

65 13 

00 

250 

48 0.4 0.0 

100 


10 2.2 1.3 

110 


120 21 4.4 2.2 


Credit for the first plant-scale recovery 
of pyridine from gas apparently goes to 
Dodge and Rhodes,®’^'** ®^® who treated the 
saturator liquor of the direct or semi-direct 
ammonium sulfate process with ammonia 
in order to liberate the pyridine bases. 
Theirs is a batch process, in which the 
pyridine content of the saturator is al¬ 
lowed to build up until pyridine sulfate 
comes out with the ammonium sulfate, 
whereupon the saturator liquor is emptied 
into a lead-lined still in which it is treated 
with ammonia from the ammonia still. 
The heat of neutralization is sufficient to 
drive over the pyridine, together with some 
water. Addition of about 1 pound of solid 
ammonium sulfate per gallon of distillate 
causes separation into two layers, the up¬ 
per of which is almost-dry pyridine. The 
sulfate solution contains in suspension sol¬ 
ids, such as iron sulfide and iron-cyanogen 
compounds, which are removed by filtra¬ 
tion before its return to the saturator. In 
a modification described in the second U. S. 
patent of the inventors, the pyridine bases 
are not distilled but extracted from the 
neutralized solution by means of organic 
liquids. This modification was apparently 
never practiced on a plhnt scale. 

The most serious disadvantage of the 
Dodge and Rhodes process, as pointed out 
by Wald,®®®'seems to have been the need 

676 Dodge, F. E., and Rhodes, P. H., U. S. 
Pats. 1,274,998-9, 1,275,000 (1918). Barrett 
Co., Brit. Pat. 122,397 (1918). 
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for a standby saturator, which few plants 
have available for such a purpose. It may 
have been the chief reason why this simple 
process was not adopted generally. The 
operation itself apparently was quite satis¬ 
factory. 

S(perr and Brown proposed to recover 
pyridine from saturator liquor by steam 
distillation, but no advantage can be seen 
in such a procedure over that of Dodge 
and Rhodes. Parrish operated one sat¬ 
urator on the acid side with vapors from 
the free-ammonia still, and one on the 
alkaline side with vapors from the fixed- 
ammonia still. Salt produced in the first 
saturator was transferred to the second. 
There it was neutralized and thus freed 
of its pyridine content, which w\aa recov¬ 
ered from the vapors escaping from it. 

Wald adapted the Dodge and Rhodes 
scheme to practical needs and made it into 
a continuous process. Instead of allowing 
the pyridine content of the saturator to 
build up, he withdrew some of the liquor 
continuously, 4 to 6 gallons per minute, 
and discharged it into a cooled tank in 
which it was neutralized with ammonia- 
still vapors. A crude pyridine separated 
from the neutral ammonium sulfate liquor 
and was removed continuously or intermit¬ 
tently. The pyridine-free sulfate solution 
returned continuously to the saturator 
without filtration. Inasmuch as the pyri¬ 
dine content of the saturator was thus 
maintained constant at about 1 percent, 
which is below the equilibrium concentra¬ 
tion, a satisfactory removal from the gas 
stream should be assured in this process. 

Schutt®®^ cleverly combined the good 
features of the processes of Dodge and 
Rhodes, Sperr and Brown, and Wald, and 

676 Sperr, F. W., Jr., and Brown, R. L., U. S. 
Pat. 1,414,441 (1922). 

677 South Metropolitan Gas Co. and Parrish, 
P., Brit. Pat. 176,977 (1921), 


thus evolved a very workable and simple 
scheme. Liquor was removed from the 
drain tables at the rate of 1.5 gallons per 
minute and was then ^^steam-distilled” in 
a neutralizer with vapors from the ammo¬ 
nia stills. The effluent from the neutralizer 
was kept at a pH of 6 to 7 to prevent iron 
sulfide and iron-cyanogen compounds from 
separating out, and was returned to the 
saturator. The vapors from the neutralizer 
were dephlegmated so that they left at a 
temperature of 92 to 96° C and were then 
condensed to a liquor which separated into 
two layers, the upper one representing the 
pyridine bases and the lower one a strong 
solution of ammonium carbonate, which 
was discharged into the ammonia liquor 
system. Thus the special salting out em¬ 
ployed by Dodge and Rhodes is avoided, 
but only if the ratio of ammonia to carbon 
dioxide in the dephlegmator vapors is such 
that a condensate sufficiently strong m am¬ 
monium carbonate is produced. The pyri¬ 
dine bases thus produced contain about 15 
percent water. Figure 14 illustrates the 
process. 

Klempt and Rober*® worked out a proc¬ 
ess for -the recovery of pyridine from the 
saturator operation of the indirect ammo¬ 
nia system which was largely used in Eu¬ 
rope. It Ls })ased on their equilibrium stud¬ 
ies reported above. Their problem was the 
utilization of the saturator vent gases, com¬ 
posed largely of steam, carbon dioxide, hy¬ 
drogen sulfide, and hydrogen cyanide, in 
which they found 82 percent of the pyri¬ 
dine to be concentrated. Since pyridine is 
the only basic component of these gases, a 
simple scrubbing with sulfuric acid should 
be sufficient; but the acid concentration 
and temperature of operation should be 
such that there will be no substantial par¬ 
tial pressure of pyridine over the solution, 
and that the water tension will be about 1 
atmosphere. In this manner sufficiently 
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high pyridine concentrations should be ob¬ 
tainable. The process works as follows: 

The hot saturator vent gases are passed 
at the temperature of 95 to 98® C through 
a trap, in which a small amount of steam 
is condensed, into a lead-lined saturator 
filled with 50 percent sulfuric acid. A 
steam jacket maintains the bath at a tem¬ 
perature at which steam is condensed only 
to such an extent that the continuously 
added concentrated sulfuric acid is diluted 
to 50 percent. This condition obtains if 
the bath is about 10 to 12® C hotter than 
the incoming gases. The pyridine-sulfuric 
acid thus obtained is discharged period¬ 
ically or continuously, and is neutralized in 
stages by introducing ammonia. Close to 
the neutral point the weaker bases are pre¬ 
cipitated, i.e., largely quinoline bases; on 


further neutralization the stronger, lower- 
boiling bases of the pyridine group come 
out. A rough separation into three frac¬ 
tions is achieved by this simple expedient. 

As long as there is a sufficient excess of 
sulfuric acid in the saturator a recovery of 
90 percent of the bases contained in the 
vent gases presents no difficulty, but as 
soon as the bisulfate stage is reached the 
efficiency drops off. The acid solution sent 
to the neutralizer contains about 250 to 300 
grams total pyridine bases per kilogram. 

Fortunately, Klempt and Rober®* also 
investigated the composition of the crude 
pyridine bases jiroduced by their process, 
and their analysis at present furnishes the 
only clue to what bases are contained in 
coal gas. It is given in Fig. 15, together 
with the boiling curve. 
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The ammonia saturator so far has re- production of coumarone and indene res^ 

mained the only spot in the coke plant ins from solvent naphtha by a two-step 

where pyridine recovery from gas is prac- acid wash, called attention to the fact that 

ticable, but some attention has also been p 5 rridine bases may be recovered from the 

paid to the light oil and the various prod- first wash by neutralization with alkali. 



nets obtained therefrom. It is natural that 
since the normal saturator ojicration lets 
the bases go through they would be found 
in subsequent processing steps. Their 
great solvent power and their miscibility 
with most organic compounds would lead 
us to suspect that they might be washed 
out together with the light oil, and that 
indeed happens. 

Darrin,®^® in describing a process for the 

678 Darrin, M., U. S. Pat. 1,207,328 (1819). 


Stephenson®^® dealt with the regeneration 
by heat treatment of acid sludge, obtained 
in the purification of benzene, and pointed 
out that 8 percent “pyridine oil” may be 
obtained from the acid distillate produced 
in the heat treatment. 

Gluud and Schneider®®® carried out a 

670 Stephenson, G., Oaa Worlds 74, No. 1907, 
Coking Sect., 19-20 (1921) ; Chem. Trade J., 
68. 176 (1921). 

680 Gluud, W., and Schneider, G., Ber. Oea. 
Kohlentech., 1, 93-111 (1921). 
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very thorough investigation of the pyri¬ 
dine content of crude light oil and its vari¬ 
ous fractions, and of the best means for 
its recovery. When they attempted to get 
a complete balance of the bases as distrib¬ 
uted over the individual fractions, they 
found that only one-half the quantity as-, 
certained for the crude light oil was con¬ 
tained in the oils distilled up to 180° C. 
The other half remained in the still resi¬ 
due. This strange phenomenon was ex¬ 
plained by the assumption that pyridine 
bases and phenols form rather stable com¬ 
pounds which do not distil and are not 
decomposed up to at least 180° C. How¬ 
ever, they are destroyed by caustic soda, 
and, if the recovery of all the bases is de¬ 
sired, the crude light oil should first be 
washed with caustic and then with acid. 
Such a procedure will be profitable only if 
there is a sufficient market for the higher 
bases, since a large percentage of them is 
recovered in this manner, together with the 
lower ones of the pyridine group. 

Crude light oil, according to the authors, 
contains about 1.0 percent by weight of i)y- 
ridine bases, but they are predominantly 
the higher-boiling ones: those which boil 
below 160“ C and can be recovered without 
a preliminary caustic wash constitute only 
0.35 percent of the crude light oil. A 
rough measure of the distribution of low- 
and high-boiling bases is given in the state¬ 
ment that bases from the light-oil frac¬ 
tion (b.p. 80 to 120° C) contain 9 parts 
low-boiling compounds for 2 parts high- 
boiling ones, and bases from the fraction 
120 to 180° C contain 16 parts low-boiling 
for 17 parts high-boiling compounds. The 
ratio of high-boiling to low’-boiling bases 
doubtless depends somewhat on the kind of 
wash oil used. German practice employs 
tar oils as wash oils, and this may explain 
the rather large quantity of high-boiling 
bases which the authors found. American 


practice should produce more low-boiling 
material. 

Gluud and Schneider®®® advocated the 
use of 35 percent sulfuric acid for the 
washing step, in order to avoid resinifica- 
tion and emulsion troubles. If it is de¬ 
sired to produce chiefly low-boiling mate¬ 
rials, advantage is taken of their greater 
basic strength. For instance, if the wash 
acid contains only one-third low-boiling 
and two-thirds high-boiling bases, it is used 
to wash a second batch of light oil; thereby 
some of the high-boiling bases are replaced 
by low-boiling ones, so that the acid now 
contains two-thirds low-boiling bases. 

Pieters and Mannens®®^ also recovered 
pyridine from crude light oil. They found 
that 16 tons of light oil yielded 34 kilo¬ 
grams of pyridine dissolved in dilute sul¬ 
furic acid at a concentration of 150 grams 
per liter and 50 kilograms phenol in a 
caustic solution containing 140 grams per 
liter. The acid consumption decreased 30 
percent and the washing losses 35 percent. 

The observation by Gluud and Schnei¬ 
der ®®® that complexes of phenol w'ith pyri¬ 
dine interfere in the recovery of pyridine 
is of great importance. Attention is there¬ 
fore called to other papers on the same 
subject. Hatcher and Skirrow®®-* and 
Skirrow and Binmore ®®® dealt exclusively 
with this topic; they came to the conclu¬ 
sion that phenols must be extracted from 
coal-tar oils by sodium hydroxide before 
pyridine can be recovered economically. 
Kulev®®* studied the nature of complexes 
of phenols with amines by determining the 
changes in electromotive force of their re- 

681 Plotors, II. A. J., an4 Mnnnens, M. J., 
Chem. Wcekblad, 2«, 286-90 (1929) ; Chem. Aba., 
23, .'1560 (1929). 

682 Hatcher, W. H., and Skirrow, F. W., J. 
Am. Chem. Boc., 30, 1939-77 (1917). 

683 Skirrow, F. W., and Binmote, T. V., ibid., 
40, 1431-42 (1918). 

684 Kulev, L. P., J. Oen. Chem. {U.B.B.R.), 5, 
1566-75 (1935) ; Chem. Abe., 30 , 2183 (1936). 
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action with sodium. He found one com¬ 
plex to consist of one mole phenol and 
three moles pyridine. There is an indica¬ 
tion that the complexes are of varying sta¬ 
bility. 

As illustrated by Fig. 15, the pyridine 
bases recoverable from coal-distillation 
gases comprise a mixture of a large number 
of compounds. Though many have been 
identified, and soipe have been separated 
from the mixture in reasonably pure form, 
the production of really pure individuals 
has proved to be a difficult task. The fol¬ 
lowing papers and patents are devoted to 
the problems of dehydration and purifica¬ 
tion. 

Downs*®® employed an azeotropic dis¬ 
tillation for the removal of 15 percent 
water from a crude base mixture. He 
added enough benzol to give a weight ratio 
of benzol to water of 10.325 to 1. In this 
proportion, benzol and water form a 
binary mixture which boils constantly at 
about 69,5° C. Three fractions were taken 
off during the distillation. The first, up to 
80° C, contained nearly all the water; a 
second, of boiling point 80 to 115° C, con¬ 
sisted of a little water, benzol, and a little 
pyridine, and the third fraction, above 
115° C, was almost pure pyridine with its 
homologs. 

Huff separated the bulk of the water, 
together with pyridine, by a simple distil¬ 
lation and dehydrated the distillate with 
water-absorbing salts. The dehydrated 
distillate was returned to the still. In a 
modification, he proposed the use of vola¬ 
tile petroleum oils to aid in the distillation, 
a procedure similar to that of Downs. 

Arndt and Nachtwey ®®® developed a 

685 Downs, C. R., U. S. Pat 1,290,124 (1919). 

686 Huff, W. J., U. S. Pat 1.416,205 (1922). 

687 Arndt, P., and Nachtwey, P., Ber., R8B* 
448-55 (1926). 

688 Arndt, P.i and Nachtwey, P., Ger. Pat. 
451,956 (1827). 


unique process for the preparation of pure 
pyridine from a crude mixture, which is 
based on the observation that its perchlo¬ 
rate crystallizes exceedingly well and is 
rather sparingly soluble in water, whereas 
the perchlorates of its homologs are quite 
soluble. In this manner, pyridine can be 
separated from its homologs entirely se¬ 
lectively, a separation which cannot be ef¬ 
fected by fractional distillation. Instead 
of using the costly free perchloric acid the 
process employed hydrochloric acid and so¬ 
dium perchlorate. The precipitated pyri¬ 
dine perchlorate was filtered off, washed 
with perchloric acid or a saturated solution 
of ammonium perchlorate, and dried at 110 
to 120° C. This product was subjected to 
a stream of dry ammonia gas while being 
cooled, and was thus decomposed to yield 
free pyridine. The treatment with ammo¬ 
nia was discontinued before the perchlorate 
had been decomposed completely; excess 
ammonia was removed by treatment with 
air at 60° C; and the pyridine was dis¬ 
tilled in vacuo and dried with powdered po¬ 
tassium hydroxide. Pyridine prepared by 
this process from various crudes showed 
h.p.739.G 114.2° C, b.p.^gji 115° C, 0.9819, 
0.9765, m.p. -39 to -40° C. Such 
products are entirely free of ammonia, be¬ 
cause anhydrous pyridine can be separated 
from ammonia, whereas in the presence of 
water separation is impossible. The au¬ 
thors also called attention to the precipi¬ 
tation of pyridine from an aqueous solution 
by means of cadmium chloride. 

Wilkie and Shaw*®® separated pyridine 
and a-picoline by a careful fractional distil¬ 
lation. They found for pyridine b.p.jgo 
115.3° C, 0.9778, and for a-picoline 
b.p.^eo 128 to 128.6° C, d 2^® 0.9401. Madel 
and Fawcett *** employed petroleum ether 

689 Wilkie, A. L., and Shaw, B. D., J. 8oc. 
Chem Ind., 46. 469-71 (1927). 

690 Madel, W. R., and Fawcett, E. W., Brit. 
Pat. 355,218 (1980). 
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for the separation of bases from crude 
mixtures at low temperatures. Tartarini 
and Samaja®®^ prepared pure pyridine, 
a-picoline, and isoquinoline by precipita¬ 
tion in the form of metal complexes. Pyri¬ 
dine, for instance, is precipitated by the 
addition of cupric perchlorate and cupric 
sulfate; a-picoline remains in solution. 
This compound is precipitated by silver 
nitrate and ammonium pyrosulfate, and ob¬ 
tained in pure form from the precipitate 
by distillation with caustic and sodium sul¬ 
fite. Isoquinoline is purified by dissolving 
it in water, adding nickel sulfate and po¬ 
tassium thiocyanate, and neutralizing with 
sodium acetate. A precipitate separates 
which contains two moles of nickel thio¬ 
cyanate for four moles of isoquinoline. 
Quinoline does not interefere. Schrauth 
purified pyridine by heating the mixture to 
about 350® C in the presence of basic 
metal oxides, such as those of copper and 
calcium or of copper and lead. Ooost and 
Lommel refined commercial pyridine 
and its homologs by a treatment with com¬ 
pounds containing the group =NM or 
—NM, where M is an alkali or alkaline- 
earth metal. Thus, commercial pyridine 
may be heated to 100® C with 5 percent 
of sodium cyananiide, or stirred at normal 
temperatures with 3 to 5 i)ercent of 
sodamide. The treatment is particularly 
useful as a preliminary to catalytic hydro¬ 
genation. Fisher ®®^ separated pyridine and 
homologs from aqueous solutions by ex¬ 
tracting them with pseudocumene. 

The field of isolating individual com¬ 
pounds from the crude mixture of pyridine 
bases in the form of complex metal salts 

flfti Tartarini, G., and Snmajn, T., Ann. chim. 
appUcata, 28, 851-6 (1933) ; Chem. Ahs., 27, 
5741 (1938). 

602 Schrauth, W., U, S. Pat. 2,014,807 (1936). 

608 Qoost, T., and Lommel, W., Qer. Pat. 606,- 
228 (1984) ; U. S. Pat. 2,016,426 (1986). 

694 Fisher, W. E., U. S. Pat. 2,068,436 (1936). 


is far from being preempted. In fact, 
there is every indication that attempts like 
those of Tartarini and Samaja ®®^ are the 
mere beginning of a very fruitful develop¬ 
ment, and it is suggested that researches 
of the industry for new methods of separa¬ 
tion be directed along these lines. A wealth 
of information is available in the papers 
written on the legion of Werner complex 
salts which, if properly utilized, might well 
serve as the foundation of a number of 
practical processes. Heterocyclic bases, 
such as pyridine, have been used instead 
of ammonia with most of the better-known 
complex-building metals, such as copper, 
cobalt, nickel, and chromium; and it should 
not be too difficult to find a suitable com¬ 
bination which would allow the separation 
of a specific individuum from a mixture. 
The closely related heteropoly acids, such 
as phosphomolybdic acid and silicotung- 
stic acid, should also prove useful for the 
direct precipitation of pyridine bases. 

A number of analytical procedures are 
based on complex formation between pyri¬ 
dine bases and metal salts, and there is no 
reason why they could not be developed 
as technical processes. For instance, 
Spacu ®®^' ®®® precipitated pyridine as a 
copper-thiocyanogen salt of the formula 
CuPy 2 (CNS )2 and found the reaction sen¬ 
sitive to 1 part in 2,000, and Mach and 
Sindlinger ®®® used silicotungstic acid to 
separate pyridine from nicotine. Espinos, 
as well as Pavoliiii, used potassium iodo- 
bismiithate in determining pyridine in a 
crude mixture, and Tallantyre employed 
phosphotungstic acid and silicotungstic 
acid.«”7 These examples may suffice to il¬ 
lustrate the possibilities outlined above. 

095 Spacu, G., Bui. 8oc. Btiinte Cluj, 1, 862-6 
(1922) ; Chem. Ahe., 18. 2300 (1924). 

696 Mach, P., and Sindlinger, P., Z. angeto. 
Chem., 37, 89-92 (1924). 

697 Espinos, G., Ann. mid. Ugale oriminol. 
police aci., 7, 213-21 (1927); Chem. Aha., 22, 
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One of the practical questions so often 
raised springs from present market condi¬ 
tions, which offer a comfortable outlet for 
pyridine, and for some of its close homo¬ 
logs, but not for others. It is the question^ 
of converting one group of bases into one 
or several others. Very little work has 
been done on this subject, or if it was 
done it was left unreported, only one ref¬ 
erence being available. Meerwein, Schoel- 
ler, and Schwenk passed pyridine bases 
and hydrogen over a catalyst composed of 
cerium chromate on pumice, at tempera¬ 
tures of 620 to 640° C. When technical 
picoline (b.p. 125 to 130° C is thus treated, 
52 percent of the resulting product boils 
below 125° C. 

Similarly scarce are data on physico¬ 
chemical properties. Riley and Bailey,®®® 
who determined the vapor pressures of 
pyridine, a-picoline, piperidine, quinoline, 
and isoquinoline over a wide range, found 
them to conform with Diihring’s rule. 
Pushin and Matavulj measured the in¬ 
dex of refraction of benzene-pyridine and 
benzene-quinoline mixtures of various con¬ 
centrations at 16.5° C. 

As a matter of interest, but not of prac¬ 
tical value, it may be pointed out that if 
the pyridine bases are not recovered from 
the gas in some manner they may show 
up even in the oxide boxes. For instance, 
Williams analyzed a spent oxide and 
found it to contain 0.77 percent pyridiUe 
sulfate and 1.20 percent iron-pyridine fer- 
rocyanide. 

13 72 (1928). Tallantyre, S. B., J. 8oc. Chem. 
Ind., 49, 46G-8T (1930). Pavollni, T., Ohim, 
ind. agr. hioL, 0. 272-4 (1931) ; Chcm. Aha., 25, 
5114 (1933). 

6 D8 Meprwein, H., Schoeller, W., and Schwenk, 
E., Gor. Pat. 529,028 (1930). 

609 Riley, F. T., and Bailey, K. C., Proc. Roy. 
Irish Acad., 88B, 450-3 (1929) ; Chem. Ahs., 24, 
2349 (1930). 

700 Pushin, N. A., and Matavulj, P. G., Z. 
nhvBik. Chem., A162. 416-8 (1932). 


The analysis of pyridine bases has evoked 
a great deal of interest, and a large num¬ 
ber of publications have appeared on this 
subject. Some concern themselves only 
with the qualitative detection of one or the 
ot^r base, but they might be developed 
into quantitative methods. They are listed 
here for study. 

Group /. Qualitative and microchemical 
methods, color reactions, precipitation in 
the form of insoluble salts, largely as metal 
complexes.®®^' ®®®»®®®»®®^' 

Group 2. Quantitative volumetric meth¬ 
ods, using a variety of indicators, some 
with destruction of ammonia by hypochlo¬ 
rite.*®* ®®* ®®^* ®^®* ®*'* ***• ®*^' 
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Chem. Ind., 87, 41-3T (1918). Goris, A., and 
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(1921); Chem. Ahe., 16, 886 (1922). Rosen- 
thaler, L., Schweiz. Apoth. Ztg., 59, 477-9 
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Monatah., 43, 626-36 (1923). Spacu, G., and 
Voicu, O., Bui. 8oc. Stiinte Cluj, 2, 89-96 (1926); 
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LIGHT OIL FROM COKE-OVEN GAS 
WiLLUM L. Glowacki 

Koppers Company Industrial Fellow, Mellon Institute of Industrial Research 


About 1 percent by volume of coke-oven 
gas can be profitably condensed in a va¬ 
riety of ways, which include: (a) scrub¬ 
bing with high-boiling petroleum or creo¬ 
sote solvents; (6) adsorption in beds of 
granular active solids; (c) compression and 
cooling. 

Freed from the recovery medium, the 
immediate product is a clear yellow-brown, 
sometimes evil-smelling oil and is known as 
crude coke-oven 'light oil.” The unrefined 
product is chiefly a complex mixture of hy¬ 
drocarbons, but sulfur, oxygen, and nitro¬ 
gen compounds are also present in small 
amounts. The precise nature of the light 
oil depends on the properties of the coal 
gas and is also pro^undly influenced by 
the design of the recovery system. In gen¬ 
eral, the three principal benzene-ring aro¬ 
matic hydrocarbons are predominant, and 
normal light oil from high-temperature 
coke-oven operations contains 55 to 70 per¬ 
cent benzene, 12 to 20 percent toluene, and 
4 to 7 percent xylene (chiefly the met a 
form). The yield varies from 3 to 4 gal¬ 
lons of crude light oil per ton of coal car¬ 
bonized. 

Refining consists mainly of sulfuric acid 
washing followed by separation, through 
fractional distillation, of the individual ho¬ 
mologs in varying degrees of purity. The 
different grades of benzols, toluols, xylols, 
and solvent naphthas so produced find wide 


application as fuels, solvents, and raw ma¬ 
terials for organic syntheses. In the United 
States in 1941 the products of the light-oil 
industry had a value of $23,668,801. 

Although comprising only 1 percent by 
volume of the coal gas, the light oil con¬ 
tributes about 5 percent of the heating 
value. The replacement cost of the dif¬ 
ference in heat content of rich and lean gas 
is an important factor in considerations of 
the economics of light-oil recovery. Light 
oil is almost invariably recovered in coke- 
plant operations incidental to steel manu¬ 
facture since a low price is set for the gas. 

At coke ovens operated mainly to supply 
municipalities with residential gas, the con¬ 
ditions are quite different. The small aver¬ 
age size of the establishment, the attractive 
price usually obtained for gas, and the high 
cost of a complete traditional refining plant 
have all contributed to establish the belief 
that light-oil recovery is unprofitable at 
gas plants. In recent years new techniques 
of light-oil recovery based on the manufac¬ 
ture of only partially refined motor fuels 
combined with shipment of the more valu¬ 
able toluol and xylol constituents to central 
processing plants for refining have made 
comparatively low-cost-recovery installa¬ 
tions possible.^ This circumstance, coupled 
with the use of heavy oil for Btu replace- 

1 Van dor Hoeven, B. J. C., Proc. Am. Gas 
Assoc., 1940, 736-7. 
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ment and the trend towards higher prices 
for toluol and xylol, has resulted in consid¬ 
erable light-oil-plant construction at gas¬ 
works coke ovens. Also a1 tractive to gas- 
plant management is the concomitant sub¬ 
stantially complete removal of naphthalene 
and gum formers from the gas and the de¬ 
cided decrease in total sulfur content. 

Inasmuch as large quantities of light-oil 
products, particularly toluols, are needed 
in modern warfare, light-oil recovery was 
practiced without exception at all coke- 
oven plants in England ^ and Germany in 
1940. 

Historical 

The exact date of the discovery of ben¬ 
zene in coal gas is unknown, but as early 
as 1S81 coal gas produced at the Bradford 
Road Works of the Manchester (England) 
Gas Department was washed with creosote 
oil for the recovery of benzol.^ In 1<S87, 
the first German light-oil-recovery plant 
was erected by Brunck at the Kaiserstuhl 
Golliery near Dortmund.^ 

In America, the birthplace of the in¬ 
dustry w^as Syracuse, New York, where 
the Semet-Solvay Engineering Corporation 
built the first coke-oven battery in 1893 
and subsequently installed a light-oil-re- 
cover system in LSOS."^ Keeping pace 
with the chemical industry, growth in the 
pre-World War I years was steady but 
slow. In 1914, there w'cre 14 light-oil 
plants having outputs with a total value 
of nearly $1,000,000. Operated all by one 
comiiany, most of the units shipped a crude 
light oil to central jilants for refining. 
From 500,000 to 700,000 gallons of toluol 

2 Qas World Year Book, Directory, 1940, 
p. 9r). 

3 Irwin, W., J Hoc ('hem Ind., 44, 92-4T 
(1925). 

4 Thau, A, Ocl, Kohlc, Erdoel, Tcer, 13, 
568-83 (1937). 

n Tiddy, W., and Miller, M. J., Am. Gas J., 
153, No. 3, 7-10, 46 (1940). 
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was adequate to fill the needs of all chemi¬ 
cal industry. 

Reference to Fig. 1 show^s the production 
of light oil derived from coke ovens alone. 
Except for the World War I period the 
amount of light oil derived from other 
sources has been insignificant. The great 
changes World War I produced are appar¬ 
ent. Picric acid, trinitrotoluol, and trini- 
troxylol were demanded in great amounts; 
as a result, the construction of plants for 
recovery of light oil was strongly stimu¬ 
lated. In 1915 the number of such plants 
had swelled to 30. Spot prices for toluol 
reached $7.00 a gallon: the average selling 
price for toluol in 1915 was $2.45 a gallon, 
in 1917, $2.85 a gallon. Light-oil-recovery 
plants were erected as rapidly as engineer¬ 
ing facilities would permit; during this pe¬ 
riod the Koppers Company alone built a 
refining unit every 27 days, and by 1918 it 
had become general practice to carry out 
refining at the recovery plant. Almost any 
source of toluol could be profitably ex¬ 
ploited: toluol was recovered at tar refin¬ 
eries, at petroleum cracking plants, and at 
more than 40 gasw’orks. These additional 
sources, although numerous, w^ere relatively 
small, and during World War I more than 
three-fourths of the crude light oil used in 
munitions manufacture came from coke- 
oven operations. During this period, re¬ 
covery efficiencies w'ere low compared with 
modern practice. In 1915 and 1918, yields 
of 1.54 and 2.4 gallons of light oil per ton 
respectively were obtained as compared 
with 2.99 gallons per ton in 1938 and 1939. 

These low yields were reflected in a high 
operating cost per gallon of light oil pro¬ 
duced. Consequently, the return to a nor¬ 
mal price structure at the end of the war 
forced the general abandonment of light-oil 
removal except at steel plants. This was 
particularly true of gas plants, and by 1922 
the wartime number of 40 had decreased 
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0 MOTOR PENZOL PRODUCED 

§ BENZOL PRODUCED 
TOLUOL PRODUCED 

2001_® SOLVENT NAPHTHA PRODUCED 

(D XYLOL PRODUCED 
(D OTHER LIGHT OIL PRODUCTS 
_(2) TOTAL LIGHT OIL PRODUCTS 
(§) CRUDE LIGHT OIL PROCESSED 
ON THE PREMISES 
(§) CRUDE LIGHT OIL PRODUCED 



'IS '16 '17 'IS '19 '20 '21 '22 '23 '24 '25 '26 '27 '28 *29 '30 '31 '32 '33 '34 *35 *36 '37 '38 '39 


Fio. 1. Production of light oil and its products as obtained from publications of the U. S Bureau 
of Mines. (Omission of any classifleation in any specific year is due to lack of reliable figures. Prior 
to 1930, xylol was included in solvent naphtha ) 


to only 2. Producers of light oil turned to 
the then new automobile industry for mar¬ 
kets, and much of the output was sold as 
motor fuel for blending with low-octane 
gasolines. The growth of the lacquer trade 
after 1925 gradually provided increasing 
outlets for toluol and naphthas as solvents. 
More recently, the rise and expansion of 
the synthetic chemical industry have ab¬ 
sorbed increasing quantities of light-oil 
products as raw materials. In 1941, about 
7 percent of the benzene produced was 
used in the synthetic resin industry, being 
converted to phenol for use in the manu¬ 
facture of Nylon and of the phenol-formal¬ 
dehyde type of resin and being alkylated as 
a step in the manufacture of styrene for 
synthetic rubber. Since the beginning of 
World War II, these requirements for ben¬ 
zene have increased and large amounts of 


benzene have also been used in the manu¬ 
facture of explosives and of aviation gaso¬ 
line. 

Since 1940, the figures for the distribu¬ 
tion of light oil and its derivatives have 
been withheld in accordance with govern¬ 
ment policy. The latest figures, as given 
in Fig. 1 and Table I, show that the major 
portion of the benzene produced still was 
sold as motor benzene. 

Inasmuch as premium gasolines can be 
sold at a price only slightly higher than 
that of regular gasolines the value of ben¬ 
zol sold as motor fuel is permanently es¬ 
tablished at not more than a few cents 
above gasoline prices. The relatively huge 
magnitude of the petroleum industry as¬ 
sures the coke-oven operator of an almost 
unlimited market at, unfortunately, a 
steadily decreasing income per unit. Reali- 
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TABLE I 

Coke-Oven Light Oil and Its Products 


Production in Gallons * 



1936 

1936 

1937 

1938 

1939 

1040 

Crude light oil 

133,696,803 

170,234,202 

187,054,346 

123,559,610 

170,963,199 

215,213,667 

Benzol, crude and refined 

20,210,207 

19,412,693 

21,660,622 

17.744,667 

25.305,714 

31,880,566 

Motor benzol 

68,379,910 

86,672,963 

96,626,696 

56.349,680 

79,607,160 

101,140,079 

Toluol, crude and refined 

16,026,438 

19,807,383 

20,896,724 

13,021,080 

19,767,200 

26,406,407 

Solvent naphtha 

3,992,338 

6,189,232 

6,725,918 

3,706,258 

4.788,836 

6,220,070 

Xylol 

3,696,656 

4,216,081 

4,562,344 

2,900,243 

4,089,090 

5,646,093 

Other light-oil products 

6,236.866 

6,673,992 

8,130,103 

5,450,045 

6.247,201 

7.600,617 

Total derived products 

107,540,415 

140,972,234 

156.502.306 

99,171,872 

139,805,191 

177,704,631 

Refined on premises 

126,688,369 

163,990,960 

182.030.796 

117.248,545 

163,947,167 

207.272.848 


* Data from Minerals Tear Boohs, U. 8. Dept, of the Interior. 


zation of this apparently permanent long¬ 
time trend in motor-fuel prices gave impe¬ 
tus to a search for new uses for benzol, to 
investigations aimed at the extraction of 
new products from light oil, and the devel¬ 
opment of more efficient, and consequently 
cheaper, refinement techniques. A note¬ 
worthy example in the last category is the 
wide application in the United States of 
the “inhibitor process” originally developed 
in England by Hoffert and Claxton.® The 
restricted petroleum resources of Great 
Britain and Germany have focused atten¬ 
tion on the prime desideratum of increas¬ 
ing motor-benzol yields. As described more 
fully in a later section, this was attained 
concurrently with a substantially cheaper 
plant design and greatly reduced operating 
costs. 

The Composition of Light Oil 

The constitution of any particular light 
oil is a function of both the type and effi¬ 
ciency of the recovery process and the de¬ 
tailed nature of the coal gas involved. 
Theoretically, the cyclic absorption proc- 

fl Hoffert, W. H., and Claxton, G., Motor Ben¬ 
zole; Its Production and Use, The National Ben¬ 
zole Association, London, 2nd ed., 1938, 933 pp. 
An excellent, comprehensive treatise on practi¬ 
cally all phases of light-oil recovery and utiliza¬ 
tion with special emphasis on motor-benzol 
manufacture. 


ess, which is invariably used in this coun¬ 
try w'ith a petroleum oil, can be operated 
to produce a light oil containing all its 
components in the proportions in which 
they exist in the gas. Complete absorption 
would involve very high oil-to-gas ratios in 
the absorbing cycle, large energy consump¬ 
tion in the desorption step, and high in¬ 
vestment costs for extra-large equipment. 
Ordinarily it is most feasible to operate so 
that substantially complete recovery of the 
toluol fraction is obtained and to allow the 
benzol and xylol extraction efficiency to 
suffer. Under these circumstances varying 
quantities of both the relatively low- and 
relatively high-boiling components escape 
removal from the gas while a significant 
quantity of the absorbent contaminates the 
light oil. Recovery efficiencies vary from 
plant to plant and at any one installation 
may vary widely with the seasons. 

The composition of the light oil will also 
vary with the type of recovery system. 
Active carbon plants, which are not used 
in the United States but which find consid¬ 
erable application in Germany and Great 
Britain, produce a light oil containing much 
larger amounts of such low-boiling com¬ 
pounds as carbon disulfide, cyclopentadi- 
ene, the amylenes, hydrogen sulfide, and 
hydrogen cyanide than are present in the 
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light oil obtained by the cyclic absorption 
process. 

It is readily apparent that the nature of 
any crude light oil is profoundly influenced 
by the previous history of the coal gas. 
The construction of the oven or retort, the 
detailed chemical and petrographic struc¬ 
ture of the coal, the carbonization condi¬ 
tions, and the type of ammonia- and tar- 
recovery system all contribute to defining 
the constitution of the light oil. Low-tem¬ 
perature carbonization methods produce 
light oils containing more aliphatic, naph¬ 
thenic, phenolic, and unsaturated com¬ 
pounds, with correspondingly smaller 
amounts of aromatic homologs, than ordi¬ 
nary high-temperature light oil.^ This ma¬ 
terial is not readily serviceable as a raw 
material in the production of pure aro¬ 
matic compounds by conventional refining 
procedures. Low-tpmi)erature light oil is 
of no commercial importance in the United 
States. Abroad, it is used as a motor fuel. 

As would be expected, the tyi)e and mode 
of operation of the carbonization system 
distinctly influences the composition of the 
light oil. In general, light oils produced in 
vertical, inclined, or horizontal gas retorts 
contain larger quantities of unsaturated 
and saturated nonaromatic hydrocarbons 
than ordinary coke-oven light oils.® Since 
the great bulk of American light oil is pro¬ 
duced incidentally to the operation of the 
large, horizontal chamber coke oven of the 
familiar Koppers or Becker type, the de¬ 
tailed discussion will be confined to high- 

7 SchWtz, F., and Uusclimann, W., Stahl u, 
Eisfn, 45, 1232-42 (192.^>). Dept. Sci. Ind. Jte- 
svarvh (Drit.), Fuel Research, Tech. Paper 32 
(1932), 123 pp. Bristow, W. A., J. Inst. Petro- 
leurn Tech., 22, 583-94 (1936). 

Voss. W. A.. ./. Snv. Chem. Ind., 46. 373-5T 
(1927), 4», 343-8T (193(»). HollmgR, H., Pev- 
ton, S., and Chaplin, R., Trans. Inst. Chem. 
Engrs. {London), 7, 85-107 (1929). Adam, W. 
G., and Anderson, G. W., Gas World, 105, 28-31 
(1936). 


temperature light oils from this and similar 
sources. 

Yields and compositions of light oils from 
different coals do not correlate well with 
any of the defining functions of the usual 
coal classification schemes. Fieldner and 
Davis® found the yield to vary with the 
rank of the coal in the low- and medium- 
volatile groups, whereas in the high-vola¬ 
tile A, B, C classes the average yield is 
substantially the same for all ranks. The 
proportions of benzene, toluene, solvent 
naphtha, paraffins, and olefins in the light 
oils from the coals in any specific rank vary 
in a seemingly completely erratic manner. 
Within limits, the composition of coke-oven 
light oils, from the standpoint of refining 
procedures, is a function rather of the car¬ 
bonization conditions than of the nature of 
the coal. 

Finally, some of the properties of light 
oil depend upon the extent to which the 
gas is subjected to physical and chemical 
treatment before light-oil recovery. At 
coke ovens operated at gas plants, the 
send-out gas is highly purified to statutory 
limits of hydrogen sulfide, hydrogen cy¬ 
anide, etc. The light-oil plant may well be 
the last step in the purification system, and 
in such circumstances the product will be 
free of hydrogen sulfide and readily adapt¬ 
able to simple refining procedures. At steel 
mills, gas purification is often restricted to 
tar and ammonia removal; hence, the light- 
oil plant will treat gas containing most of 
the hydrogen sulfide and hydrogen cyanide 
present in the original raw oven gas. 

It may be well at this point to define the 
nomenclature employed in this chapter. 
The ending -ene as in benzene, toluene, 
xylene, is used whenever reference to the 

9 Fielduer, A. C., and Davis, J. D., U. 8. 
Bur. Mines, Monograph 5 (1934), 164 pp. 

10 Proc. Am. Soc. Testing Materials, Pt. 1, 
Kept. Sect. Com., 34. 463-80 (1934). 
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pure chemical entity is intended. The end¬ 
ing -olf on the other hand, refers to mar¬ 
ketable products prepared to the usual 
trade specifications. Thus, one can speak 
of r BenzoZ, 2® Benzol, Industrial ToluoZ, 
etc. (In English practice it is common to 
add a final e to the names of commercial 
distillates, giving Pure Benzo/g, Motor 
Benzole, 90’s Benzo/e, Industrial Benzole, 
etc.) In addition, the -ol ending will be 
used in such phrases as “crude benzoZ,^^ 
“crude io\\\oV’; here the sense is simply 
that the cut is characterized by a high con¬ 
centration of benzene or toluene, Finally, 
the -ol ending will be used in many places 
simply because of the restriction placed 
upon the usage. 

Not enough detailed data on American 
light oils are available to validate a presen¬ 
tation of any average analysis. The anal¬ 
ysis given in Table II may be said to be 
that of a typical product. Gleaned from 
many sources, the data are a composite of 
analyses and do not represent a complete 
investigation of any given oil. The compo¬ 
nents are grouped in fractions or cuts that 
correspond to those obtained in a system¬ 
atic separation of crude light oil by rea¬ 
sonably efi’ective fractional distillation. 

It is unfortunate that some of the valu¬ 
able work done on the detailed composition 
of light oil is old and was restricted to 
studies of light oil obtained by the distilla¬ 
tion of coal tar. Assuming ecpiivalent boil¬ 
ing ranges, any compound found in coal-tar 
light oil can be demonstrated to be present 
in the light oil obtained from the corre¬ 
sponding coke-oven gas. As a result, data 
pertaining to the existence of compounds 
in light oil from coal tar have been often 
extrapolated to coke-oven light oils in 
general. 

FORERUN NINGS 

Ordinarily, this most volatile fraction will 
constitute from 1 to 3 percent by volume 


TABLE II 

Analysis op a Typical Crude Coke-Oven 
Light Oil 


Percentages 


by Volume 

I. Forerunnings. 


Cyclopentadiene 

0.5 

Carbon disulfide 

0.5 

Amylenes and unidentified 

1.0 

II. Crude benzol. 


Benzene 

57.0 

Thiophene 

Saturated nonaromatic hydro¬ 

0.2 

carbons, unidentified 

0.2 

Unsaturates, unidentified 

3.0 

III. Crude toluol. 


Toluene 

Saturated nonaromatic hydro¬ 

13.0 

carbons, unidentified 

0.1 

Unsaturates, unidentified 

1.0 

IV. Crude light solvent. 


Xylenes 

5.0 

Ethyl benzene 

0.4 

Styrene 

Saturated nonaromatic hydro¬ 

0.8 

carbons 

0.3 

Unsaturates, unidentified 

1.0 

V. Crude heavy solvent. 


Coumarone, indene, dicyclo- 
pentadiene 

Polyalkyl benzenes, hydrin- 

5.0 

dene, etc. 

4.0 

Naphthalene 

1.0 

Unidentified “heavy oils” 

1.0 

VI. Wash oil 

5.0 ■ 

Total 

100.0 


* The amount of wash oil present depends 
greatly upon the performance and design of the 
debenzolization apparatus as well as upon the 
nature of the wash oil employed. 

of the crude light oil. Its precise composi¬ 
tion is susceptible to slight changes in plant 
operations and may vary from day to day 
in a quite unaccountable manner. Highly 



1142 


LIGHT OIL FROM COKE-OVEN GAS 


unsaturated, its chief components are found 
to be cyclopentadiene (CsHq, b.p. 41-2® C), 
carbon disulfide (CS2, b.p. 46.25“ C), and 
the amylenes (CfiHio, b.p. 20.1 to 38.6® C). 
Butadiene-1,3 (C 4 Hfl, b.p. ~4.5" C) and 
butene-1 (C4H8, b.p. —6.47® C) have 
also been reported. Hydrogen sulfide 
(H 2 S, b.p. -59.6® C), hydrogen cyanide 
(HCN, b.p. 26® C), carbonyl sulfide (COS,- 
b.p. -50.2® C), methyl mercaptan (CH3- 
SH, b.p. 7.6® C), ethyl mercaptan (C 2 H 5 - 
SH, b.p. 34.7® C), and dimethyl sulfide 
(( 0113 ) 28 , b.p. 36.2® C) are all found, the 
last three, being thermally unstable,’® in 
barely detectable amounts. N-pentane, 
hexene- 1 , butyne- 2 , and acetone have been 
found in high-temperature coal-tar light 
oil and are presumably also present in 
the light oil in gas. 

Cyclopentadiene, HC-CH, is of 

II II 

HC CH 

\ / 

CH2 

particular interest since its recovery from 
the forerunnings fraction is practiced on a 
commercial scale. As would be expected 
from the conjugated double bond struc¬ 
ture, this substance is highly unstable and 
reactive. Polymerization to the dimer di- 
cyclopentadiene (C 10 H 12 , m.p. 32.9® C, b.p. 
170® C) proceeds rapidly at ordinary tem¬ 
peratures in the liquid and gaseous phase 
and in a forerunnings solution. The dimer 
is relatively stable on storage and can be 
decomposed almost quantitatively to the 
monomer by distillation at atmospheric 

11 Lunge, G., Coal-Tar and Ammonia, Van 
Nostrand Company, New York, 6t>i ed., 1916, 
p. 219. 

12 Ahrens, P. B., Z. angew. Chem., 17, 1618 
(1904). 

18 Faragher, W. P., Morrell, J. C., and Comay, 
S., Ind. Eng. Chem., 20, 527-32 (1928). 

14 Fisher, C. H., U. 8. Bur. Mines, Bull. 412 
(1988), 70 pp. 


pressure. On a commercial scale, recovery 
of cyclopentadiene is based on thermal 
polymerization to the dimer and subsequent 
separation of the high-boiling dicyclopenta- 
diene from the unpolymerized residusll fore¬ 
runnings. Superatmospheric pressures may 
be employed.’® With aldehydes and ke¬ 
tones, in the presence of alkaline condens¬ 
ing agents, cyclopentadiene gives a series of 
brightly colored compounds,’® the fulvenes, 
which have been thought to be responsible 
for the color of light oils. In the labora¬ 
tory fractionation of crude light oils the 
writer has noticed that, although crude 
benzols are usually very light in color, a 
sudden increase in deepness of the yellow 
hue of the distillate is noticed when the 
vapor temperature reaches 110 “ (or the 
toluol plateau). As the distillation of crude 
toluol progresses, this color fades but deep¬ 
ens again when the xylol plateau is reached. 
There seems to be no definite information 
concerning the identity of the colored com¬ 
pounds. 

The Diels-Alder condensation with 
maleic anhydride provides a convenient 
method for the analytical determination of 
the cyclopentadiene.’® If crude light oils 
are washed with sulfuric acid without 
previous removal of the foreruiinings, the 
thermal treatment in the pure still distilla¬ 
tion may often result in a ^^corrosive” prod¬ 
uct. Claxton and ITofi’ert found that the 
amount of sulfur dioxide produced was 
roughly proportional to the cyclopentadi¬ 
ene and dicyclopentadiene content. The in¬ 
is Ward, A. L., U. S. Pat. 2,211,038 (1940). 

16 Thiele, J., Ber., 83, 660-73 (1900). 

17 Diels, 0., and Alder, K., Ann., 400, 98-122 
(1928). 

isGrosse, A. V., Morrell, ,T. C., and Mavity, 
J. M., Ind. Eng. Chem., 32, 309-11 (1940). 
Kirsanov, A. V., Polyakova, I. M., and Kuznet¬ 
sova, Z. I., J. Applied Chem. {U.8.S.R.), 18, 
1406-13 (1940). 

19 Claxton, G., and Hoffert, W. H., Gas World, 
118, No. 2927, Coking Sect., 70-6 (1940). 
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elusion of the continuous forerunnings strip¬ 
ping column in the light-oil-recovery plant 
provides a fundamental solution to the 
problem of corrosive products. At such an 
installation Preston and van der Hoeven 
found that usually a caustic vapor neu¬ 
tralizer on the pure still was unnecessary. 

Polymerization of dicyclopentadiene at 
260® C to form useful resins has been car¬ 
ried out on a commercial scale.^^ The 
product is of low molecular weight, heat 
stable, color stable below 225® C, resistant 
to acids, alkalies, brines, alcohol, glycol, 
glycerol, etc., and is odorless, tasteless, and 
nontoxic. 

Cyclopentadiene is an attractive raw ma¬ 
terial to organic and physical chemists and 
is consequently endowed with a voluminous 
literature. In addition to the traditional 
studies of derivatives ^2 mucli attention 
has been directed to examinations of the 
mechanism of the polymerization and de- 
polymenzation reactions.-'* 

20 Preston, B., nnd van tier Iloeven, B. J C., 
Blast Furnace Steel Plant, 28, 455-60 (1940). 

21 Carmody, W. H., Sheehan, W., and Kelly, 
H., Ind. Eng. Chem., 30, 245-51 (1938). 

22 Brooks, B. T., Chemistry of Non-Bcnsvnoid 
Ilydrocarhons, Chemical Catalog Co., New York, 
1922, 612 pp. Wieland, II., Bergel, F., Schwartz, 
K., Schepp, R., and Pukelman, 1^., Ann., 440, 
13-31 (1926). Staudlnger, II., and Bruson, H. 

A. , ibid., 447, 97-110 (1926). Horclois, R., 
Chimie & Industrie, Spec. No., 357-63, April, 
1934. Alder, K., and Ilolzrichter, H., Ann., 524, 
145-80 (1930). Ellis, C., The Chemistry of 
Petroleum Derivatives, II, Reinhold Publishing 
Corp., New York, 1937, 1464 pp. 

23 Stobbe, II., and Renss, F., Ann., 391, 151— 
68 (1912). Barrett, E. G. V., and Biirrage, L. 

J. , J. Phys. Chem., 37, 1029-35 (1933). Alder, 

K. , and Stein, G., Angew. Chem., 47, 837-42 
(1934). Sehultze, G. R., J. Am. Chem. Soc., 56, 
1552-0 (1934) ; Oel, Kohle, Erdoel, Teer, 14, 
113-7 (1938). Khambatn, B. S., nnd Wasser- 
man. A., Nature, 137, 496-7 (1936), 138, 368-9 
(1936). Kistiakowsky. G. B., and Mears, W. H., 
J. Am. Chem. 8oc., 58, 1060 (1936). Raistrick, 

B. , Sapiro, R. H., and Newitt, D. M., J. Chem, 
8oc., 1939, 1761-9 


CRUDE BENZOL 

Usually, from 65 to 70 percent by volume 
of the crude light oil will be represented by 
the benzol fraction. In addition to the ma¬ 
jor compound (CeHo; b.p. 80.09® C), the 
crude cut contains from 3 to 7 percent of 
unsaturated hydrocarbons (chiefly mono- 
olofins), perhaps as much as 2 percent of 
saturated hydrocarbons, and from 0.2 to 
0.5 percent of the most troublesome im- 
])urity, thiophene. Information on the hy¬ 
drocarbon impurities is very scanty; their 
specific identity is almost completely un¬ 
known. Kruber^^ adduced evidence sug¬ 
gesting the jirobable presence of hexenes, 
heptenes, and cyclohexenes. The diolefins, 
existing in relatively small proportions, 
are believed to be chiefly responsible for 
the instability and gum-forming tendencies 
of only partially refined motor benzols. 
The high octane rating of the mono- 
olefins has led to the invention of motor- 
fuel refining techniques directed either to 
the selective removal of the diolefins or the 
inhibition of their reactivity by the addi¬ 
tion of small quantities of phenolic com- 
jKmnds. 

Diethyl sulfide, methyl ethyl ketone, ace¬ 
tonitrile, cyclohexadiene, n-hexane, n-hep- 
tane, and cyclohexane probably exist in 
small amounts since all have been isolated 
from high-temperature coal tar.^^ The re¬ 
moval of cyclohexane (CgHio, b.p. 80.7® C) 
by means of azeotropic distillation with 
acetone has been proposed.^® 

Although traces of other sulfur com¬ 
pounds may be present it is usually as¬ 
sumed that the sulfur content of this crude 
benzol fraction is entirely represented by 
thiophene (C4H4S, b.p. 85® C). Thiophene 
is a high-temperature pyrolysis product^® 
and is not found in low-temperature light 

24 Kruber, O., Brennstoff-Chem., 13, 187-90 
(1932). 

25 Field, B., U. S. Pat. 2,212,810 (1940). 
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oils. The mode of formation of thiophene 
in the carbonization process is completely 
conjectural. 

On a commercial scale thiophene-free 
benzol may be prepared from commercially 
pure benzols by drastic washing with sul¬ 
furic acid. Originally devised by Victor 
Meyer in 1883, the process depends upon 
the observation that, under carefully con¬ 
trolled conditions, substantial sulfonalion 
of thiophene will take place with only slight 
destruction of benzene. Small amounts of 
fuming acid are effective at relatively low 
temperatures. In the preparation of low- 
sulfur motor fuels from very high sulfur¬ 
bearing crudes, some acid washing, with the 
concomitant unavoidable destruction of im- 
saturates, may be necessary. In such cir¬ 
cumstances Hoffert, Claxton, and Han¬ 
cock 26 found that, for any particular oil 
and for any given removal of thiophene, 
the refining losses were constant and inde¬ 
pendent of the strength and quantity of 
acid used to effect this removal. Another 
important conclusion was that even with 
amounts of acid up to 7 percent by vol¬ 
ume it was impossible to reduce the thio¬ 
phene-sulfur content of a benzol to a low 
figure without using fairly strong acid.® 
The nature of the unsaturates present 
seems to have considerable effect on the ef¬ 
ficiency of thiophene removal. Styrene and 
indene are particularly effective and, if a 
washed solvent is being manufactured, may 
well be included with the benzol during 
washing, the separation by fractional distil¬ 
lation being carried out on the washed ma¬ 
terial. Kruber believed that the mecha¬ 
nism of thiophene removal by sulfuric acid 
could be explained through the formation 
of condensation products with the unsatu¬ 
rates. The deliberate admixture of cyclo- 
pentadiene before acid washing has been 

26 Hoffert, W. H., Claxton, G., and Hancock, 
B. G., Qaa J., 214. 103-5, 167-71 (1936). 


proposed.27 Since the time of Victor 
Meyer, who himself suggested treatment 
with bromine followed by a caustic wash, 
numerous processes have been devised uti¬ 
lizing agents other than sulfuric acid. The 
reader will find some of these discussed in 
a later section of this chapter (see page 
1198). 

CRUDE TOLUOL 

Comprising 12 to 20 percent by volume 
of the light oil, this fraction will include, in 
addition to the main aromatic hydrocarbon 
toluene, from 5 to 10 percent by volume 
(in terms of the fraction) of unsaturated 
hydrocarbons, 0.1 to 4.0 percent by volume 
of paraffins jduH naphthenes, and small 
quantities of the methyl thiophenes. In¬ 
formation about the specific identity of the 
'‘paraffins” and unsaturates is more or less 
speculative. N-heptane, w-octane, methyl 
cyclohexane, dimethyl cyclohexane, and 
pyridine are found in the corresponding 
fraction of coal-tar light oil. 

The specific-gravity siiecification of nitra¬ 
tion toluol docs not tolerate the presence of 
much more than 1.5 percent of ])araffin or 
naphthenic hydrocarbons. The impurities 
are characterized chemically by an indiffer¬ 
ence to most reagents and physically hy 
boiling properties sufficiently close to those 
of toluene to make convenlional fractional 
distillation quite ineffective as a purifica¬ 
tion procedure. Practically all the jiaraf- 
fins occurring in the crude toluol fraction 
will find their way into the refined iiroduct. 
Usually the trouble can be avoided by a 
proper adjustment to coke-oven operation 
since the paraffin content of toluols is 
closely related to oven heats and coking 
times. Under normal business conditions, 
when ovens are generally pushed on a fast 
schedule, little difficulty is experienced. 

27 Kopelovicli, G. V., Brodovich, A. I., and 
Hecht, I. R., Coke and Chem. {V.8.8.R.), 1935. 
No. 7, 10-22. 
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Unacceptable amounts of paraffins are usu¬ 
ally associated with the low oven tempera¬ 
tures and long coking times appropriate to 
depressed economic conditions. A few op¬ 
erators have found a solution in the prac¬ 
tice of pushing some oven blocks empty 
while the remaining batteries are operated 
at normal speedsAzeotropic distillation 
has been utilized in the laboratory to effect 
the separation of paraffins and toluene. 
Good results have been attained by the use 
of methyl cyanide as the azeotropising 
agent.2» 

CRUDE LIOHT SOLVENT 

This relatively small fraction, 4 to 8 per¬ 
cent of tile original crude, will consist, in the 
main, of the three xylenes (CVl 4 (CIl 3 ) 2 , 
0 , w, and p; b.p. 144.50*^0, 180.10° C, 
138.44° C), ethyl benzene (CoH.^C.Hs, b.p. 
136.15° C), styrene (Q}HnCH=CH 2 , b.p. 
145.2® C), and small (]uantities of dimethyl 
thiophenes, unidentified unsaturated and 
saturated nonarornntic hydrocarbons. The 
yield of aromatics will be from 65 to 75 
percent, and total “unsaturates” (including 
styrene) will range from 20 to 25 percent. 

Most authorities agree in believing com¬ 
mercial xylol, or light solvent naphtha, to 
be chiefly metaxylene. Kishner and Kra- 
sova have reported as follows for the re¬ 
fined product: A/?-xylcne, 68 to 70; p-xy- 
lene, 18 to 19; o-xyleiie, 3 to 5; and ethyl 
benzene, 7 to 9 jicrcent, respectively. 

The attractive possibility of extracting 
the pure isomers from the commercial mix¬ 
ture awaits the invention of a suitable 
process. Some separation can be obtained 

2 R Deniir, F., Iron Steel Engr., 15> No. 10, 
32-53, 63 (1938). 

20 Rossini, F. I)., Malr, B, J., and Glasgow, 
A. U., Jr.. J. IteHcarrh Natl. Bur. Standards, 27, 
39-63 (1941); Oil Oas J., 30. No. 27, 158-9, 
219 (1940). 

!!o Kishnor, N., and Krasova, V., J. Gen. Chvm. 
{V.S.8.R.), «. 748-56 (1936). 


by selective oxidation®^ or sulfonation,®^ 
by fractional crystallization of the sodium 
or calcium sulfonates,®** and by such physi¬ 
cal means as direct crystallization of the 
isomers. 

Styrene is present in crude coke-oven 
light oils in amounts ranging up to 1 per¬ 
cent (average 0.8 percent). Used as a raw 
material in the manufacture of emulsifying 
agents, synthetic resins,®® and buna rub¬ 
bers, most of the material now sold is a 
synthetic product. The recovery of natu¬ 
ral styrene is not practiced on a large com¬ 
mercial scale. 

The saturated aliphatic and naphthenic 
hydrocarbons are present in this fraction 
in somewhat higher concentration than the 
corresponding compounds in coke-oven 
benzol and toluol. Virtually nothing is 
known about these constituents; in general 
their boiling points lie somewhat higher 
than the boiling point of an average mix¬ 
ture of the isomeric xylenes. 

Possible constituents, because of their re¬ 
ported isolation from coal tar, are: isopro¬ 
pyl benzene, pyrrole, methyl pyridine, and 
dimethyl pyridines. 

CRUDE HEAVY SOLVENT AND WASH OIL 

The “crude heavy solvent,” varying from 
a few percent to 10 percent of the light oil, 
is characterized by great complexity and 
the profound dependence of its composition 
upon both the design of the crude stripping 

3X Router, A., Bcr., 17, 2028-9 (1884). Clarke, 
II. T., and Taylor, E. R., J. Am. Ghem. Soc., 45, 
830-3 (1923). 

32,I;jcob8on, O., Ber., 10, 1010-5 (1877). 

Friedol, M., and Crafts, J. M., Oompt. rend., 
114, 1110-3 (1892). Lepers, P., U. S. Pat. 
1,311,848 (1919). 

33 Patterson, T. S., McMillan, A., and Somer¬ 
ville, R., J. Chem. Soc., 1924, 2488-90. 

34 Spannagel, H., and Tschunkur, B., U. S. 
Put. 1,940,065 (1933). 

s.'i Ellis, C., The Chemistry of Synthetie Resins, 
Roinhold Publishing Corp., New York, 1935, pp. 
232-62. 
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and rectification apparatus and the effi¬ 
ciency of debenzolization of the absorbent 
oil. Preeminently a fimction of the details 
of the recovery plant, it may be approxi¬ 
mately defined for any one installation as 
the residuum of crude benzol, toluol, and 
xylol separation from unrefined light oil. 

Among the unsaturated components will 
be found dicyclopentadiene (C 10 H 12 , b.p. 
170® C) and commercially significant quan¬ 
tities of coumarone (CgHeO, b.p. 175® C) 
and indene (CgHg, b.p. 182.0® C). The 
last two find important use in the prepara¬ 
tion of a wide variety of paracoumarone- 
indene resins. Dicyclopentadiene usually 
appears only in solvent prepared from 
crude light oil that has been stored for 
some time. 

The aromatic hydrocarbons are repre¬ 
sented by a mixture of mono- and polyal¬ 
kyl benzenes, naphthalene, and hydronaph¬ 
thalenes. The various trimethyl benzenes 
are found in significant amounts. 

All the absorbent oil originally contami¬ 
nating the crude light oil will be concen¬ 
trated in this fraction. In some modes of 


operation, and particularly in older installa¬ 
tions, wash oil will make up the bulk of 
"crude heavy solvent.^^ In America where 
a petroleum wash oil is exclusively used the 
contaminants will be paraffinic and naph¬ 
thenic in nature. In Great Britain, where 
creosote wash oils are extensively em¬ 
ployed, the heavy solvent may contain 
large quantities of the lower-boiling hy- 
droxybenzenes. In German practice the 
converse is true since the removal of tar 
acids and naphthalene from all tars is 
mandatory by governmental edict and Ger¬ 
man creosote wash oils are hence relatively 
free of these materials. Probably present 
in traces will be the very large number of 
compounds of appropriate boiling point 
that have been found in high-temperature 
coal tar. These are included in Table III, 
a summary of some of the physical prop¬ 
erties of the individual components in light 
oil. Table III presents only compounds 
that have been found in high-temperature 
coke-oven light oil or in the light-oil frac¬ 
tion of coal tar. 


TABLE III 

Physical Properties of the Constituents of Light Oil * 






Density 

Refractive 





j20» 

Index 



Boiling 

Melting 

unless Other¬ 

unless (Other¬ 



Point 

Point 

wise Noted 

wise Noted 



®C at 760 mm 

“C 



Aromalic hydrocarbons 






bensene 

CeHe 

80.09 

5..53 

0.8737(25®) 

1.4981 (25®) 

toluene 

CeHbCHa 

110.61 

-95.0 

0 8670 

1.4969 

o-xyleno 

C«H4(CH8)2 

144.50 

-25.2 

0.8801 

1.5071 

m-xylene 

C6H4(CHs)2 

139.10 

-47.9 

0.866 

1.4970 

P-xylene 

C«H4(CH8)2 

138.44 

13.3 

0.8610 

1.4986 

ethyl bensene 

CeHfiC'iHj 

136.15 

-94.4 

0.8667 

1.4985(15®) 

hydrindene 

C 6 H 4 CH 2 CH 2 CH 2 

1 1 

178.0 

-51 

0.9639 

1.5383 

isopropyl bensene 

1 _1 

C6H6CH(CHs)2 

152.4 

-96.2 

0.8581 

1.4912 

o-ethyl toluene 

CH 8 C 5 H 4 C 2 H 6 

164.9 

-88 

0.881 

1.5042 

w-ethyl toluene 

CH 8 C 6 H 4 C 2 H 8 

161.5 


0.869(17®) 

1.4975 

p-ethyl toluene 

CH 8 C 6 H 4 C 2 H 6 

161.2 

-64 

0.866 

1.4832 

n-propyl bensene 

C 6 H 6 CH 2 CH 2 CH 8 

158.6 

-89.2 

0.8628 

1.4919 

mesitylene 

C6H8(CH8)8 

164.6 

-44.7 

0.8653 

1.4967(25®) 

pseudooumene 

C6H8(CH8)8 

169.2 

-44.1 

0.8762 

1.5025(25®) 
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Density 

Refractive 





j20“ 

Index 



Boiling 

Melting 

unless Other¬ 

unless Other¬ 



Point 

Point 

wise Noted 

wise Noted 

Aromatic hydrocarhom 


*C at 760 mm 




hemimellitene 

C 6 H 8 (CHs )8 

176.2 

-25.4 

0.8944 

1.5130 

naphthalene 

CioHg 

217.6 

80.3 

1.145 

1.5823(98.4®) 

(1,2-dihydronaphthalene) f 

CioHio 


-9 

0.997 


(1,4-dihydronaphthalene) f 

CioHio 

212 

25 

0.998 

1.5740(14.7®) 

tetrahydronaphthalene 

CioHia 

206.8 

-30.0 

0.9707 

1.5438 

(o-oymene) t 

CHaC«H4CH(CH8)2 

175.5 

-73.5 

0.876 

1.5003 

(m-cymene) t 

CHaC6H4CH(CH8)2 

175.7 

-75.0 

0.8606 

1.4920 

(p-cymene) t 

CH8C6H4CH(CH8)2 

177.3 

-68.8 

0.8570 

1.4904 

durene 

C6H2(CH8)4 

196.0 

79.3 

0.8380(81.3®) 

1.463(90®) 

isodurene 

C«H2(CH8)4 

198.0 

-24.0 

0.8906 

1.5134 

Parajffin hydrocarbons 






n-pentane 

C 6 Hi 2 

36.08 

-129.7 

0.62638 

1.35768 

n-hexane 

CtUii 

68.8 

-94.0 

0.65942 

1.37506 

n-heptane 

C 7 H 16 

98.4 

-90.5 

0.68375 

1.38774 

n-ootane 

CgHis 

125.6 

-56.8 

0.70283 

1.39764 

n-decane 

C 10 H 22 

174.04 

-29.72 

0.72985 

1.41205 

Saturated cyclic hydrocarbons 






cyclohexane 

CcHia 

80.8 

6.5 

0.7782 

1.4265 

methylcyclohexane 

CeHiiCHs 

100.3 

-126 

0.7693 

1.4231 

(1,1-dimethylcyclohexane) f 

CeHio(CH 8)2 

120 

-34 

0.7810 

1.4293 

(l,2KiiinethylcyclohQxane) t 

C 6 Hio(CH 8)2 

126 


0.79 

1.43 

(1,3-dimethylcyclohexane) f 

C«iHio(CH 8)2 

121 


0.77 

1.42 

(1,4-dimethylcyclohexane) f 

C«Hio(CH 8)2 

121 


0.77 

1.42 

Olefin hydrocarbons 






1-butene * 

C 4 H 8 

-6.47 < 

-195 

0.6255(-6.47®) 

1.3803(-25®) 

1-pentene 

CfiHio 

30.1 


0.6429 

1.3714 

1-hexene 

Cell 12 

63.5 

-138 

0.6747 

1.3886 

cyclohexene 

Cell 10 

83 

-80 

0.8098 

1.4466 

1-heptene 

CtHu 

93.1 

-119.1 

0.6976 

1.3999 

Diolefin hydrocarbons 






1 ,:i-buiadiene 

CH2:(^HCII:CH2 

-4.5 

-108.7 

0.650(-6®) 

1.422(-6®) 

2-butyne J 

(’HsCiCCHa 

28 


0.6937 

1.3939 

cyelopentadieiu*-! ,3 

CH:CHCU:CHrH2 

1 1 

41-2 

-85 

0.805 

1.44 

(cyclohexadiene) t 

1 1 

r«HH 

82-3 


0.846 

1.47(21.2®) 

(cyclohexadiene 1,3) X 

CeHs 

81-2 

-98 

0.84 

1.47 

(cyclohexadiene 1,4) t 

CslU 

84-7 


0.85 

1.47 

(licyclopentadiene 

C,oH,2 

170 

32.9 

0.9756(35®) 


Aromatic hydrocarbons with un- 






saturated side chains 






styrene 

CelisCHrCHa 

145.2 

-31 

0.9038(23®) 

1.5440(23®) 

indene 

C6H4CIi2CH:CH 

1 1 

182.0 

-1.5 

0.9968 

1.5768 

(2-methyl indene) t 

CioHio 

185-6 


0.9897(14®) 

1.6757(14®) 

(3-inethyl indene) t 

CioHio 

198.5 


0.9640 

1.5691(27®) 

Neutral oxygen compounds 






acetone 

CHaCOCHi 

56.24 

-94.3 

0.7898 

1.350 

methylethyl ketone 

CH 1 COC 2 H 8 

79.60 

-86.4 

0.8101 

1.379 
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TABLE III —Ccniinmd 

Physical Properties of the Constituents of Light Oil ♦ 






Density 

Refractive 





j20 » 

Index 



Boiling 

Melting 

unless Other¬ 

unless Other¬ 



Point 

Point 

wise Noted 

wise Noted 

Neutral oxygen compounde 


®C at 760 mm 

®C 



ooumarone 

CeH^OCH.CH 

1 1 

175 

<-18 

1.091 


acetophenone t 

1 1 

C6H6C()CH8 

201.0 

19.65 

1.0238(25®) 

1.5342(19.6®) 

(2-methy! ooumarone) t 

CzHgO 

198 


1.054 

1.5614 

(3-methyl ooumarone) f 

CgllgO 

198 


1.054(23.4®) 

1.553(23.1®) 

(5-njethyl ooumarone) t 

CgHgO 



1.0603(19.2®) 

1.557(19®) 

(ft-methyl ooumarone) t 

CgllgO 

192-3 




(7-methyl ooumarone) t 

CgHgO 

190-1 


1.049(19®) 

1.5525(17®) 

Neutral and acidic nitrogen 






eompounda 






hydrogen cyanide 

HCN 

26 

-14 

0.669 

1.267(10®) 

acetonitrile 

CHgCN 

82 

-41 

0.7828 

1.3474 

benzonitrile 

CflHsCN 

190.7 

-13 

1.008(16.8®) 

1.5289 

Phenols 






phenol 

CeHgOH 

182 

41 

1.071(25®) 

1.642(41®) 

o-cresol 

CH8CflH40H 

190.8 

30.1 

1.0465 

1.5453 

jw-oresol 

CH*C«H40H 

202.8 

10 

1.0336 

1.5398 

p-cresol 

CH3C0H4OH 

202.3 

34.8 

1.0341 

1.5395 

2,3-dimethyl phenol 

(CH8)2C6H80H 

218 

75 



2,4-dimethyl phenol 

(CH8)2C6H80H 

211.5 

27-8 

1.0276(14®) 

1.5420(14®) 

2,5-dimethyl phenol 

(CHs) 2C6H80H 

211.5 

75 



2,6-dimethyl phenol 

(CH8)2C6H80H 

212 

49 



3,4-dimethyl phenol 

(CH8)2C6RsOH 

225.1 

65 



3,5-dimethyl phenol 

(CHs)2C6H8C)H 

219.6 

68 


* 

o-ethyl phenol 

C 2 H 6 C 6 H 40 H 

207.5 


1.037(0®) 


r/i-ethyl phenol 

C2H8C6H4()H 

214 

-4 

1.025(0®) 


p-ethyl phenol 

C2H6C6H4(>H 

219 

47 



Basic nitrogen compounds 



. 



pynole 

NHCH;CHCH:CH 

1 1 

131 


0.948 

1.5085 

pyiidine 

I 1 

CtllbN 

115.3 

-42 

0.982 

1.509 

aniline 

CfiHbNHa 

184.4 

-6.2 

1.0214 

1.5868 

2-methyl pyridine 

CH8C6H4N 

129 

-69.9 

0.950 

1.,5029(17®) 

3-methyl pyridine 

CH8C6H4N 

143.5 

-17.9 

0.952 

1.5043(24®) 

4-ni ethyl pyridine 

CH3r6H4N 

143.1 

+3.5 

0.957 

1.5064(19®) 

o-toluidine 

CH8C6H4NH2 

200.8 

-16.25 

1.004 

1.5688 

2,3-diniethyl pyridine 

(CIl8)2C5H8N 

163.4 




2,4-dimet hyl pyridine 

(CH3)2C6H8N 

157 


0.938(14®) 

1.503 

2,5-dimethyl pyridine 

(CH8)2C6H8N 

159 




2,6-dimethyl pyridine 

(CHs)2r6H8N 

142.5 

-6.0 

0.932(25®) 


3,4-dimethyl pyridine 

(CIIs)2C6HsN 

164.5 

» 



(3,5-dimethyl pyridine) t 

(CH8)2C6HgN 

170.1 




dimethyl aniline 

CfiH6N(CH8)2 

192 

2.1 

0.9557 

1.5582 

2,4,5-tiimethyl pyridine 

(CH3)8C’6H2N 

168 


0.966 


2,4,()-trimethyl pyridine 

((ms) 8 C 5 H 2 N 

172 


0.917(15®) 


(2,3,4-trimethyl pyridine) t 

(rH8)80*H2N 

192-3 


0.9127(15®) 


(2,3,5-trimethyl pyridine) t 

(CH8)8C6H2N 

183-4 




(2,3,6-trimethyl pyrij^e) t 

(CHjlaCsHaN 

176-8 
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TABLE III —Continued 

Physical Pboperties of the Constituents op Light Oil * 






Density 

Ref I active 





d4p 

Index 



Boiling 

Melting 

unless Other¬ 

unless Other¬ 



Point 

Point 

wise Noted 

wise Noted 

Su'/ur cornpounda 


®C at 760 mm 

®C 



sulfur 

■5 

444.6 

114-120 



hydrogen sulfide 

f{2S 

-59.6 

-82.9 

O.06(-6O®) 


carbonyl sulfide 

:(>s 

-50.2 

-138 

1.24(-87®) 


carbon disulfide 

:'S2 

46.25 

-111.6 

1.2661 

1.6319(15®) 

methyl mercaptan 

:^H3 Sh 

7.6 

-123 

0.868 


ethyl moicaptan 

:2H6SH 

34.7 

-147.3 

0.840 

1.430 

dimethyl sulfide 

CHj)2 S 

36.2 

-83.2 

0.849 


diethyl sulfide 

C2H6)2S 

91.6 

-102.1 

0.837 

1.442 

thiophene 

::4H4S 

85 

-40 

1.065 

1.528 

2 -methyl thiophene 

::h3 C4 HjS 

112 

-51 

1.016 


3-inethyl thiophene 

::h3C4H8S 

115 


1.025 


(2,3-dimethyl thiophene) t 

CHs)2 C4H2S 

140-1 


0.994 


(2,4-dimethyl thiophene) t 

CH,)2C4H2S 

138 


0.9956 


(2,5-dimethyl thiophene) t 

CH3)2C4H2S 

137.5 


0.9850(19®) 

1.5142 

{3,4-dimethyl thiophene) t 

CH8)2C4H2S 

146 


1.008(1^:) 


(2,3,4-trimethyl thiophene) t 

CH8)8C4HS 

162 




thionaphthene 

;(,H4SCH:CH 

221 

32 

1.165 

1.6332(36®) 


• A partial list of the sourcew used in compilini? thin table in as follows : International Critical 
TnhltH, Medraw Hill Book Co., New York, .'t3. lleilbroii, 1. M, et al., IHetiunary of Organic 

(UtmiwundH, Oxford Universlt.v Press, New York, Hoffert, W. H., and Clnxlon, (3., ref. (5. 

Doss, M. P., Physical Constants of the Principal Hydrocathoua, The Texas Company, New York, 
llKt9, ina pp. Etfloff, G,, Physical Constants of Hydrocarbons, Vols. I, 11, Keiuhold Publishing Corp., 
New York, 1939 49, 403 and (503 pp. 

t The use of parentheses indicates that the compound has been identified only as a mixture of 
isomers. 

t Acetylene derivative. 


The Commercial Distillates Obtained 
FROM Light Oil 

From the viewpoint of practical utiliza¬ 
tion, most of the hundred-odd constituents 
of ligfht oil can be considered impurities. 
Economically, the composition of light oil 
is best referred, not to the many individual 
chemical species, but to the relatively few 
distillates commercially jiroduced. On the 
basis of rather broad and inclusive census 
classifications, as shown in Table I, the 
commercial derivatives of American light 
oil are as shown in Table IV. 

In individual works, production figures 
provide a convenient jiractical analysis of 


the crude light oil. The nature of the coal 
gas, the technological age of the recovery 
and refining iilant, and the current market 
for particular distillates are all reflected in 
the wide variation in reported data. Pres¬ 
ton and van iler Hoeven^® have presented 
interesting information for a 1939 installa¬ 
tion. Of the semi-continuous type, the 
plant included a continuous forerunnings 
stripper, a continuous motor-fuel distilla¬ 
tion column, and a large batch still, the last 
being used in the preparation of pure ben¬ 
zol, toluol, xylol, etc. The detailed per¬ 
formance of such a purification scheme 
gave the following derived analysis for the 
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TABLE IV 

Commercial Derivatives op American Light Oil in Percentages of the Total 



1935 

Benzol, crude and refined 

15.1 

Motor benzol 

43.7 

Toluol, crude and refined 

12.0 

Solvent naphtha 

3.0 

Xylol 

2.8 

Other light-oil products 

3.9 

Total derived products 

80.4 

Refining losses, used on premises, etc. 

19.6 

Total 

100.0 

light oil as percentages of the total crude 

feed: 


Motor fuel 

22.83 

1° Benzol 

44..50 

2® Benzol 

0.67 

r Toluol 

12.01 

2® Toluol 

3.03 

Pure xylol 

4.31 

Washed heavy solvent 

0.64 

Crude heavy solvent 

1.12 

Total salable products 

89.11 

Residue 

5.32 

Washing loss 

3.62 


L(3SS from forerunnings vaporized into 

fuel gas, distillation, handling, etc. 1.95 

The commercial distillates obtained from 
coke-oven crude light oil refined on the 
premises are relatively few in number. De¬ 
pending upon the flexibility of the plant, 
the light-oil producer, through variation of 
the intensiveness of refining and by blend¬ 
ing, can supply special fractions or blends 
to almost any specification. In general, 
however, production is to relatively well- 
established consumer specifications and is 
principally restricted to about fifteen stand¬ 
ard distillates. Some of the properties of 
these materials, as assembled from average 
current specifications, are summarized in 
Table V. The development of new syn¬ 
theses placing emphasis on the absence of 
impurities formerly considered tolerable 


1936 

1937 

1938 

1939 

1940 

11.4 

11.6 

14.4 

14.8 

14.8 

50.3 

51.1 

46.6 

46.6 

47.0 

11.6 

11.2 

10.5 

11.6 

12.3 

3.0 

3.1 

3.0 

2.8 

2.4 

2.5 

2.4 

2.3 

2.4 

2.6 

3.9 

4.3 

4.4 

3.7 

3.5 

82.8 

83.7 

80.3 

81.8 

82.6 

17.2 

16.3 

19.7 

19.2 

17.4 

100.0 

100.0 

100.0 

100.0 

100.0 


and the competitive market conditions can 
be expected to lead to increasingly rigid 
manufacturing specifications. In growing 
number, new important uses will be devel¬ 
oped in addition to those outlined briefly 
below. 

Thiophene-Free Benzol. A small amount 
of this material is prepared for use as an 
analytical reagent and as a raw material in 
the preparation of fine chemicals. Thio¬ 
phene is an active catalyst poison, forms 
resins in aluminum chloride condensations, 
contributes to the instability of aniline, and 
interferes markedly in the preparation of 
resorcinol and similar compounds. 

7° Nitration Benzol. As its name im¬ 
plies, this distillate is used in the prepara¬ 
tion of nitrobenzols when especial purity is 
required. As a raw material, it finds ap¬ 
plication in the manufacture of aniline, 
chlorobenzene, cyclohexane, diphenylamine, 
phenol, styrene, dye intermediates, etc. Its 
use as a solvent is restricted to special pur¬ 
poses where great purity is required. 

Industrial Pure Benzol and 90 Percent 
Benzol. Two-degree benzol (Industrial 
Pure Benzol) is sufficiently pure to be used 
in large quantities as a chemical raw mate¬ 
rial and as a solvent; 90 percent benzol 
(about 85 percent benzene, 12 percent tolu¬ 
ene, 3 percent xylene) sells at nearly the 
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e acidity. * Almost identical with “refined solvent naphtha.” 

No for dpi odor. * Available in various grades. 

• Solidifying point not below plus 4.85® C. * Available in various grades containing more or lees naphthalene. 

/ Inhilnted with a substituted para-mninophenol type gum inhilntor, and not to contain 
lore than 5 mg per 100 ml 61 prefmmed gum nor more than 20 mg per 100 ml of otidation 
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same price and finds almost exclusive ap¬ 
plication as a solvent. A complete list of 
the uses of these two distillates would be 
inordinately lengthy; the following are 
typical: as a general solvent for alkaloids, 
camphor, essential oils, fats, fixed oils, 
iodine, phosphonis, resins, rubber, sulfur; 
in the manufacture of brake linings, fan 
belts, waterproof fabric, transmission belts, 
oilcloth and linoleum, friction tape, adhe¬ 
sives, rubber cements, glue, printing inks, 
paints, enamels, lacquers and varnishes, 
paint and varnish removers, cleansing and 
degreasing agents, disinfectants, cosmetics 
and ceramics; in the dry-cleaning industry; 
and as a denaturant for alcohol. 

Motor Bevzol (Arid Washed). Although 
the distillation specifications allow the ad¬ 
mixture of considerable quantities of tolu¬ 
ene and xylene, the motor fuel prepared 
from coke-oven light oil is predominantly 
benzene. It is used in the petroleum indus¬ 
try to increase the anti-knock rating of 
natural or cracked gasolines and is ad¬ 
mixed in quantities up to 50 percent. Be¬ 
cause of the appreciable difference in spe¬ 
cific gravities, benzol blends have higher 
heats of combustion per gallon than ordi¬ 
nary gasolines. Benzol fuels seem to have 
an actual engine-performance rating some¬ 
what higher than that indicated by the test 
octane value. In order to meet an acid- 
wash specification, most of the valuable 
unsaturates are removed. Some refiners 
produce very thoroughly refined motor 
benzols. With the introduction of the in¬ 
hibitor process, the manufacture of acid- 
washed motor fuel has become an anach¬ 
ronism. 

bihibited Motor Fuel. The preparation 
of this material is very simple, consisting 
usually of the addition of very small 
amounts of anti-oxidants to a crude benzol 
cut. If large amounts of carbon disulfide 
are present in the original charging stock, 


a continuous forerunnings stripper may be 
necessary. It is generally recognized that 
this product is the equal in every way, for 
motor-fuel purposes, of acid-washed motor 
fuel. Practically all recent plants are de¬ 
signed to employ the inhibitor process. 

As indicated above in the description of 
acid-washed motor benzol it seems to be 
definitely established that benzol-containing 
motor fuels have an actual engine-perform¬ 
ance rating somewhat higher than that in¬ 
dicated by the test octane number. Evi¬ 
dence for this statement was given as early 
as 1934 in the results of the Uniontown Hill 
tests conducted by the Cooperative Fuel 
Research Group. The benzol blend used in 
these tests, a mixture of third-grade gaso¬ 
line and motor benzol, showed in actual 
performance the highest positive deviation 
of any of the fuels from the A.S.T.M. 
octane rating. Benzol blends with an 
A.S.T.M, rating of only 6S.1 octane units 
were found to have a hill rating of 70.8 
octane units. The average difference, for 
all fuels, between the A.S.T.M. octane num¬ 
ber and the hill-rating octane number was 
only 0.36 unit.-'’*^ 

In 1940, all types of motor benzol rep¬ 
resented 0.40 percent of the total United 
States production of motor fuel. 

Nitration Toluol and Industrial Pure 
Toluol. During wartime, the most signifi¬ 
cant chemical iiroperty of toluene is the 
formation with nitration* mixtures of 2,4,6- 
trinitrotoluene, a powerful exjilosive of con¬ 
venient stability. The purest grades of 
toluol are required in the manufacture of 
this compound. As a raw material, toluol 
is also the starting point in the preparation 
of anthranilic acid, artificial musk, benzal- 
dehyde, benzoic acid, benzyl chloride, fi- 
methylanthraquinone, orthotoluenesulfon- 
chloride, paraphenetidine, saccharine, toli- 

36 Veal, C. B., Oil Gas J., 33, No. 27, 49-52 
(1934). 



CRUDE HEAVY SOLVENT 


dines, toluidines, and various dyes such as 
the triarylmethaJie colors. Toluol is em¬ 
ployed as a solvent for alkaloids, cements, 
cellulose esters and ethers, dopes, enamels, 
lacquers, stains, varnishes, resins, rosin, and 
waxes; as an extractant for animal and 
vegetable oils; and as a degreasing agent 
for bone and hair. Significant quantities 
are used in the artificial leather, printing- 
ink, and oilcloth industries,^^ It is the 
most widely utilized hydrocarbon diluent 
in the lacquer trade. 

The Xylols. Three-degree xylol (nitra¬ 
tion xylol) is generally used as a chemical 
raw material; the other more widely boil¬ 
ing grades are employed as solvents. As a 
raw material, xylol is the starting point in 
the manufacture of mothproofing agents, 
pharmaceuticals, sulfonic acids, 2,4,6-trini- 
trometaxylene, xylyl bromide (a poison 
gas), xylene musk (perfumes), and various 
intermediates. Some of the solvent ap¬ 
plications include acid-proofing, airplane 
dopes, aniline, azo dyes, carbazole, ccresin, 
cresol, enamels, lacquers, varnishes and 
paints, insecticidal compositions, maleic an¬ 
hydride, naphthalene, plasticizers, resins, 
rubber cements, and sludge sulfonic acids. 
Industrial xylol is practically synonymous 
with refined solvent naphtha. 

Refived Heavy Solvent. This category, 
the “hiflash naphthas,’' includes a variety 
of high-boiling solvents, all acid washed to 
remove polymerizable resins. A typical 
analyKsis as given by Downsis shown at 
the top of the next column. 

The high-flash naphthas are employed as 
slow-drying solvents; in the manufact\ire 
of ordinary enamels, house paints, and flat 
wall and interior paints; and in the print¬ 
ing-ink, shoe-polish, and linoleum indus- 

37 Gregory, T. C., Uses and Applications of 
Chemicals and Related MaterialSt Reinhold Pub¬ 
lishing Corp., New York, 1930, 665 pp. 

88 Downs, C. R., J. 8oc. Ghetn. Ind.j 51, 45—9 
(1932). 
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Percent 
Component by Weight 

Ethyl benzene, xylene, cumene, 
propyl benzene, ethyl toluene 10 

Trimethylbenzenes (largely pseudo¬ 
cumene) 45 

Tetramethylbenzenes (largely iso- 
durene) 40 

Naghthalene 5 

tries. Added to petroleum thinners, they 
increase the solvency of the thinners for 
natural and synthetic resins. The closed- 
cup flash jioint of these distillates is usually 
greater than 100“ F. 

Crude Light Solvent. This mediimi-boil- 
ing solvent is a straight-run distillate, not 
acid washed, having a deep straw color and 
containing a large percentage of unsatu¬ 
rated hydrocarbons, chiefly styrene. It is a 
relatively unexploifced source of styrene as 
a raw material in resin manufacture. As a 
solvent, it finds application where the odor 
and color can be tolerated, as in “rubber 
solutions, bituminous paints, type and roll 
cleaners, insulating varnish thinner, wire 
enamels, paint and varnish removers, brake 
lining and fabric belt saturation and in the 
preparation of cold patch bituminous ma¬ 
terials for repairing roads.” 

Cmde Heavy Solvent. Manufactured to 
varying specifications, the crude solvents 
are highly colored (deep amber to dark 
red), high-boiling, strongly unsaturated 
distillates. A typical composition could be 
as follows: 

Percent 

Component by Weight 

Coumarone, indene 60 

Hiflash naphtha components 20 

Methyl naphthalenes and naphtha¬ 
lene 20 

They are employed in the preparation of 
dark-colored paints, bituminous paints and 
enamels, wire enamels, asbestos board, 
brake lining, pipe coatings, shingle stains, 



1154 


LIGHT OIL FROM COKE-OVEN GAS 


and ship-bottom paints. Extensive use in 
the manufacture of wire enamel has led to 
the adoption of such polyonyrnics as “wire- 
enamel solvent’’ and “heavy solvent E-W.” 

As a chemical raw material, crude heavy 
solvent is used in the manufacture of the 
many grades of paraeoumarone-indene 
resins. For this purpose a close-cut distil¬ 
late boiling from 160 to 190° C is usually 
employed. Further refining may consist of 
a weak acid wash for dehydration and the 
removal of undesirable reactive hydrocar¬ 
bon constituents. Polymerization is car¬ 
ried out by vigorous agitation with small 
quantities (0.2 to 1.0 percent) of 66° Baume 
sulfuric acid. Acid tars are quickly sepa¬ 
rated and the residual oil is neutralized, 
water-washed, and steam-distilled to leave 
the resin product as a residue. Although 
these resins can be made initially almost 
colorless, their usefulness is restricted by 
their undependable color stability. The 
yellowing of paracoiimarone-indene resins 
has been ascribed to self-fulvenation and 
may be greatly reduced by hydrogenation.®® 

Coumarone resins are widely used in the 
manufacture of printing inks, waterproof¬ 
ing materials, rubber compositions, var¬ 
nishes, linoleum, flooring and floor tile, and 
chewing gum.®® 

The Formation of Light Oil 

As most of the coal carbonization in this 
country is carried out in conjunction with 
steel manufacture, oven design and carboni¬ 
zation conditions are adjusted chiefly to the 
production of a good quality of blast-fur¬ 
nace or foundry coke. A considerably 
smaller, but steadily increasing, amount of 
coal is carbonized at coke ovens operated 
by gas plants; here design and operating 

80 Carmody, W. H., Ind. Eng. Chem.^ 82, 625-7 
(1940). Carmody, W. H., Kelly, H. B., and 
Sheehan, W., ibid., 32, 684-92 (1940). Car¬ 
mody, W. H., and Kelly, H. E., ibid., 32, 771-5 
(1940). 


procedures are directed to the manufacture 
of a suitable public-utility gas and furnace 
or “domestic” coke of proper combustion 
characteristics. Light-oil credits, like other 
byproduct credits, play a subordinate part 
in coke-oven economics, and the fundamen¬ 
tal design of batteries usually places em¬ 
phasis on other considerations. Compro¬ 
mises must be found between the relative 
desirability of securing a maximum yield of 
byproducts and of producing a higli-tem- 
perature coke uniformly heated, with the 
use of a minimum amount of heat for 
underfiring. The flexibility in construc¬ 
tional design of the standard modern low- 
differential under jet oven is such that, 
given all economic and physical variables, 
an admirable compromise meeting all local 
conditions can usually be achieved.®® In 
America, the inclusion of special structures 
to increase the yield of light oil is not feas¬ 
ible economically and is not practiced; con¬ 
versely, the economic situation in Europe 
has led to the limited use of a wide variety 
of such devices. The plant-scale data so 
obtained are interesting from the stand¬ 
point of implementing current speculations 
concerning the mechanism of the formation 
of light oil during the coking of coal. 

The carbonization process has been ade¬ 
quately described elsewhere in this treatise; 
only a few details germane to this discus¬ 
sion will be presented here. On charging, 
or filling the oven chamber, a uniform layer 
of cold, crushed coal is deposited between 
two very hot vertical walls closed with gas- 
tight doors on each end. The coal adjacent 
to the walls rises rapidly in temperature; 
up to 350° C the principal products are 
occluded gases, and water and carbon di¬ 
oxide resulting from internal condensation. 
At this point (300 to 400° C) the coal 
softens and the well-known plastic layer is 
formed. Significant breakdown of the 
molecular structure of the coal does not 
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occur until this temperature is reached and 
exceeded. The primary condensable prod¬ 
ucts formed by the .decomposition of the 
plastic layer are chiefly hydroaromatic com¬ 
pounds together with smaller proportions 
of the higher olefins, paraffins, and phenolic 
compounds. At the point of origin aro¬ 
matic compounds of the benzene series are 
found only in negligible quantities. As car¬ 
bonization proceeds, the plastic zones 
slowly move away from the walls and 
eventually meet in the center of the charge. 

The plastic layer has considerable me¬ 
chanical strength or impermeability, and 
most of the primary products find their 
way out of the oven by traveling toward 
the wall through the hot coke and then 
upwards along the hot wall, finally passing 
through the highly heated free space above 
the charge. Some of the gases escape 
through the unheated central portion of 
the coal, particularly when uncrushed or 
run-of-mine coal is used; when this hap¬ 
pens the plastic zones are not well defined 
and a larger proportion of the gas finds its 
way through the cold coal. The light oil 
in the gas entering the collecting main is 
strikingly different from the light oil in the 
primary distillation products, and its nature 
depends largely upon the extent to which 
secondary thermal decomposition takes 
place. The completeness of the secondary 
heat treatment in turn depends upon a 
variety of factors some of which are: (1) 
the proportion of gas which escapes up the 
center core of raw coal; (2) the tempera¬ 
ture of the walls; (3) the temperature of 
the free space above the coal charge; and 
(4) the time of contact of the gas in the 
hot free space.^^’ 

These factors vary widely with different 
carbonization systems, and the extent to 
which they are operative goes far to char¬ 
acterize the light oil produced. Combined, 

40 See p. 46 of ref. 6. 


they define the^ maximum temperature to 
which the primary decomposition products 
are heated in the oven. Extensive pyroly¬ 
sis studies on the pure aromatics have been 
made,*^ but the results cannot well be ex¬ 
trapolated to the complex atmosphere of 
the oven charge or free space. Practically, 
it is found that the maximum yield of 
purely aromatic hydrocarbons is obtained 
when the products of distillation are heated 
to a temperature of about 850® C. Below 
this point excessive quantities of paraffins 
or naphthenes appear; at higher tempera¬ 
tures considerable cracking of the aromatics 
to higher-boiling compounds occurs. The 
optimum, eventual, nitration toluol yield is 
particularly sensitive to thermal conditions 
since the amount of nonnitratable material 
that can be tolerated is strictly limited. 
Assuming the equivalence of all other vari¬ 
ables, carbonization time is approximately 
inversely proportional to wall temperatures, 
and the above statements concerning the 
composition of light oil can be expressed in 
terms of the length of the coking period. 

Tweedy has reported as follows for silica 
regenerative batteries operating with the 
same coal: 


Carbonizing time, hours 

29.5 

18.6 

15.1 

Benzol, percent by volume 

64.9 

79.0 

86.1 

Toluol 

25.3 

18.3 

12.2 

Solvent naphtha 

8.8 

2.2 

1.5 

Paraffins up to 140“ C" 

1.1 

0.5 

0.2 


Many of the inventions later described 
are designed to make the yield and quality 
of the light oil substantially independent of 
coking times, which must often be chosen 
without regard to the effect on the com¬ 
position of the light oil. 

As would be expected, the evolution of 

4iBgloff, G., The Reactions of Pure Hydro¬ 
carbons, Reinhold Publishing Corp., New York, 
1037, 897 pp. 

42 Tweedy, S.. Oas World, 94, No. 2427, Cok¬ 
ing Sect., 15-8 (1931). 
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light oil is not uniform throughout the 
coking period. Quantitative data for a par¬ 
ticular instance have been supplied by 
Saunders and Smith.**® A good quality of 
Durham (English) coking coal was carbon¬ 
ized in a 16-inch coke oven operating with 
an average flue temperature of 1440® C and 
a coking time of 14 hours. Samples of the 
distillation products were withdrawn peri¬ 
odically from the ascension pipe and were 

TABLE VI 

Light-Oil Yield and Composition as a Func¬ 
tion OF THE Progress of Carbonization** 


Inches of 


Oven 

Age 

Light 

Oil 

Benzol 

Charge 
above 700' 

hours 

0 

grams per 
cubic meter 

percent 

0 

1 

21.1 

69.6 

3.8 

2 

26.7 

71.9 

6.0 

3 

29.6 

74.2 

7.2 

4 

30.1 

76.7 

8.2 

5 

28.8 

79.4 

9.0 

6 

27.2 

82.5 

9.6 

7 

25.4 

85.9 

10.0 

8 

23.2 

89.3 

10.4 

9 

20.7 

93.7 

10.8 

10 

17.6 

97.4 

11.2 

11 

13.1 

97.4 

13.0 

12 

3.4 



13 




14 





characterized by the analyses shown in 
Table VI. 

A detailed discussion of the mechanism 
of formation of sulfur compounds in coke- 
oven gas is found in Chapter 26. Of these 
compounds, thiophene (C 4 H 4 S, b.p. 85® C) 
is the most difficult to remove from light 
oil. It has been suggested that the discov¬ 
ery of the formation mechanism of thio¬ 
phene might lead to a fundamental solution 

48 Saunders, S. W., and Smith, F. F., ibid., 88, 
No. 2539, 40-3 (1038). 


of the refining problem based on either in¬ 
hibition of the formation of this compound 
or its conversion to some more easily re¬ 
movable form of sulfur.*^ 

increasing light-oil yields 

Much inventive effort, especially in for¬ 
eign practice, has been applied to the prob¬ 
lem of increasing the yield and improving 
the quality of coke-oven light oil. Most of 
these attempts, with a variety of success, 
have depended on pretreatment of the coal, 
changes in the conventional method of 
withdrawing gaseous byproducts from the 
oven, and modification of the heat treat¬ 
ment in the free space through the incor¬ 
poration of special channels, ducts, and 
chambers in the oven structure. 

Pretreatment of the Coal. The sulfur 
compounds in coke-oven gas are very 
roughly proportional to the sulfur content 
of the coal; washing high-sulfur coals to 
remove sulfur-bearing ash will be reflected 
in a lower sulfur content of the light oil. 
To insure uniform operation the degree of 
pulverization and the moisture content of 
the mixed coals should also be well con¬ 
trolled. 

Frequently, at coke ovens operated at 
gasworks, the allowable extent of light-oil 
recovery is governed by statutory or con¬ 
tractual specifications for the specific grav¬ 
ity of the send-out gas. Lighl-oil yields 
may then be increased by the application 
of small quantities of heavy oil to the 
crushed coal. The increased yields are 
partly due to an increased light-oil content 
of the gas: more important is the fact that 
the incremental increase in density of the 
gas permits the use of total scrubbing. The 
increase in density of the gas is due di¬ 
rectly to the high density of the oil gas 
and indirectly to the fact that the large 
heat content of the oil gas allows dilution 

44 See p. 63 of ref. 6. 
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with a larger quantity of high-density pro¬ 
ducer gas. Modem techniques in the use 
of oil on coal have been described by Rams- 
burg and McGurl.^® 

Special Methods of Gas Withdrawal. A 
typical scheme is the Still process practiced 
on a limited scale in Germany.^® One form 
involves the formation of about ten vertical 
holes in the top surface of the coal charge. 
Gas collecting tubes are placed in these 
holes in the oven contents and suitably con¬ 
nected to a special gas collecting main, the 
“inner gas" main. By appropriate adjust¬ 
ment of the pressures in the “inner gas” 
and “outer gas” (regular) collecting mains 
a varying proportion of the primary distil¬ 
late can be forced to pass through the cool 
uncoked portion of the charge. In this 
way an increase in light-oil yields of about 
10 percent can be demonstrated. Unfor¬ 
tunately, the incremental light oil, since 
it is of comparatively low-temperature ori¬ 
gin, contains very large quantities of paraf¬ 
finic and naphthenic compounds. Still- 
process light oil is chiefly utilized as a 
motor fuel. 

Similar in purpose is the system described 
by Niggeinann.**^ Here the “inner gas” off¬ 
take ducts protrude through the oven side 
doors. The light-oil content of the gas is 
decreased, but this loss is more than made 
up by the increase in the light-oil fraction 
distillable from the tar. 

45 Kniiisburg, C. ,1., and MrGiirl, G. V., Proc. 
Am. Gas Assoc., 1040, OGO-78, 

4« Still, i\, U, S. PatK. 1,810,629 (1931), 1,- 
9:{7.8o3, 1,940.562, 1,940,567 (1933), 1,946,721, 
1.943,562 (1934), 2,030,334, 2,065,963 (1936), 
2.066,704 (1937). Dean, H., Fuel, IS, 112-5 
(1934). Nettlenlmseh, D., and Jeiikner, A., 
Gliicknuf, 70, 1165-72 (1934). Thau, A., Brenn- 
stoff-Chcm., 15, 41-5 (1934). Foxwell, G. B., 
Gas World, 102, 415 (1935). Anon., Gas- u. 
Wasserfach, 79, 24-5 (1936). 

47 Niggemann, H., Oliickauf, 73, 705-11 

(1937) ; Z. Vcr. deut. Iny., 82, 43-4 (1938) ; 
Ger. Pats. 658,299, 662,645, 663,668, 664,832, 
667,125 (1938). 


Modified Heat Treatment in the Free 
Space. The gaseous byproducts of coal 
distillation reach their highest temperatures 
in the free space above the charge. A va¬ 
riety of schemes have been used to control 
the intensiveness of the thermal decompo¬ 
sition at this point. Best known are the 
Goldschmidt and Stoter-Tillman chan¬ 
nels which have found a limited use in 
Germany and England. 

The Goldschmidt channel consists of a 
horizontal duct integrally incorporated in 
the relatively cool brickwork of the oven 
top and connected to the free space at a 
large number of points by a series of ori¬ 
fices of varying sizes. The Goldschmidt 
channel is in turn connected in the usual 
way to the ascension pipe. The time of 
exposure of the gases to the intensely 
heated walls of the free space is consider¬ 
ably shortened since the major portion of 
the exit path is through a duct some 200® C 
cooler than the free space. An increase 
in light-oil yields of about 10 percent has 
been claimed; the figure depends greatly 
upon the type of coal, the length of the 
carbonizing period, etc. Sometimes no 
beneficial effect can be observed.*'' Wil¬ 
son reported that, for the very high cok¬ 
ing rates of about 1% inches pe): hour, 
there is a very definite increase in light-oil 
yield and that the results on the whole can 
be considered very satisfactory. This writer 
further notes that the use of high carbon¬ 
izing rates (1 inch per hour or more) may 

48 Goldschmidt, F., Brit. Pat. 391,726 (1933) ; 
Ger. Pat. 614,310 (1935). Warwick, W. N., 
Brit. Pat. 460,346 (1935). 

49 Stoter-Tillman, H., Brit. Pat. 392,496 
(1933) ; French Pat. 762,432 (1933) ; Ger. Pat. 
611,670, 623,493 (1936). Busch, W., Colin, A., 
and Sehmitz, H., GlUckauf, 69, 490-3 (1938). 

50 Lltterscheidt, W., and Reerink, W., OlUek- 
auf, 71, 461-71 (1936). 

51 Wilson, O. B., Gas World, 21, No. 825, 
Coking Sect., 9 (1940). 
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lead to the obstruction of the channel with 
soot. Goldschmidt light oil, like Still-proc¬ 
ess oil, contains somewhat higher concen¬ 
trations of the paraffinic and naphthenic 
compounds than are found in regular high- 
temperature coke-oven light oil. 

In the Otto system an essentially simi¬ 
lar result is obtained in a distinctly simpler 
manner. In addition to the usual collecting 
main, all the ovens are connected to the 
supplementary compensating Beimann 
main, which is not directly connected to 
the byproduct system but serves only to 
interconnect the oven chambers. By a 
proper equalization of pressures, the distil¬ 
lation products from a green oven can be 
forced to flow Ihrough the free space of 
an older or more coked-out oven. In this 
way there results a general overall reduc¬ 
tion in the temperature of the free space 
and the light oil is poorer in benzene and 
richer in toluene.®^ Increases in yield of 
15 percent have been reported,®^ but the 
effectiveness of the system seems to depend 
greatly upon the particular coal used. 

Somewhat more elaborate than the above 
are proposals involving the passage of the 
distillation products through heated cham¬ 
bers containing catalysts,®^ and the provi¬ 
sion of special flues or brickwork where the 
gases can either be heated or cooled as 
desired.®® It has been claimed that high- 
temperature light oils can be produced in 
low-temperature carbonization processes by 
the introduction into the free space of 
enough air to raise the temperature to 
850“ C.®« 

C2 0tto & Co. G.m.b.H., Brit. Pat. 460,509 
(1936). 

53 Brtickner, H., Handhuch der Oaainduatrie, 
Oldenbourg, Berlin, 1938, Vol. Ill, p. 119. 

54Reppekus, W., U. S. Pat. 2,116,641 (1938). 

66 Concordia-Bergbau A.-G., Brit. Pat. 419,125 
(1934). Hinselmann KokRofenbauges. m.b.H., 
Brit. Pat. 482,399 (1984). 

66 Hoppers, H., U. S. Pat. 2,194,859 (1940). 


The Recovery of Light Oil 

The profitable recovery of light oils from 
high-temperature coke-oven gas presents a 
chemical-engineering problem of only slight 
difficulty. The most relevant factors affect¬ 
ing design are: (1) the components to be 
removed make up only 1 percent of the gas 
to be handled; (2) the gas is approximately 
only 10 percent saturated with the vapors 
of the chief light-oil components—benzene, 
toluene, and xylene; (3) the light-oil com¬ 
ponents are relatively inert chemically; and 
(4) the gas, except in isolated cases, is 
usually unpurified and contains tar fog, 
hydrogen sulfide, traces of ammonia, etc. 

For simplification of plant processes and 
the avoidance of corrosion troubles it is 
usually found that removal of light oil is 
made the last step in any byproduct-recov¬ 
ery system. At gas plants, intensive puri¬ 
fication of the gas is practiced, particularly 
with reference to hydrogen sulfide. The 
light-oil jilaiit may then be operated with 
the minimum of difficulty and the subse¬ 
quent refining processes are substantially 
simplified. At coke ovens operated in con¬ 
junction with steel plants, gas purification 
is usually limited to tar and ammonia re¬ 
moval of varying degrees of completeness. 
The removal of sulfur compounds is not 
generally practiced, although a few plants 
utilize the hydrogen sulfide in the gas as a 
raw material in the manufacture of sulfuric 
acid. 

In contrast to the conventional proce¬ 
dure of placing the light-oil plant after 
ammonia recovery, Schmalenbach ®^ and 
Still ®® proposed the simultaneous recovery 
of light oil and ammonia. 

In the widely used semi-direct ammonia- 
recovery process the temperature of the 
gas leaving the ammonium sulfate satu- 

67 Schmalenbach, A., U. S. Pat. 2,185,856 
(1938). 

68 Still, C., Ger. Pat. 603,295 (1984). 
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rators is about 60® C. Inasmuch as the 
wash-oil process of light-oil recovery func¬ 
tions most effectively at temperatures con¬ 
siderably lower than this (15 to 25° C), the 
provision of some type of gas cooler is 
mandatory. Of the many possible types, 
the simple direct system consisting of a 
vertical, cylindrical shell filled with widely 
spaced wooden grids is most widely used. 
Injected through suitable spray devices at 
the top of the tower, the cooling water 
comes in direct, countercurrent scrubbing 
contact with the upward-flowing warm gas. 
Considerable naphthalene and, on occasion, 
some of the ^^heavy solvent” components of 
light oil are thereby removed, the amounts 
depending upon the temperature of the 
cooling water and whether or not the water 
is recirculated. Seasonal variations in the 
composition of light-oil production may 
often be correlated with final cooler op¬ 
eration. 

The rather short history, chronologically 
speaking, of the light-oil industry has seen 
the development of a large variety of re¬ 
covery processes based on both chemical 
and physical principles. Only the physical 
principles are now employed; they can be 
discussed in three categories: (1) simple 
condensation involving no absorbent me¬ 
dia; (2) condensation on the surface of 
solid adsorbents; and (^0 condensation in 
liquid absorbents. 

SIMPLE CONDENSATION INVOLVING NO 
ABSORBENT MEDIA 

In this class are methods involving sim¬ 
ple cooling, simple compression, or suitable 
combinations of the two. These processes 
are attractive in that light oil is directly 
obtained and the regeneration of absorbent 
media is completely avoided. Light oil 
starts to condense, at atmospheric pres¬ 
sure, from coke-oven gas at --20° C; to 
obtain satisfactory removal the tempera¬ 


ture must, however, be lowered to about 
—70° C. In the same way, using compres¬ 
sion at normal temperatures, light oil starts 
to condense at approximately 10 atmos¬ 
pheres. Because of the large volumes in¬ 
volved the only practical application of 
these principles utilizes simultaneous com¬ 
pression and refrigeration. Although not 
found in America, such plants are operated 
abroad, usually prior to the recovery of 
pure hydrogen from coke-oven gas for use 
as a raw material in ammonia synthesis.®® 
In such plants extensive refrigeration 
equipment is already involved, and it is 
economical to utilize the same principle in 
light-oil recovery. A multistage process®® 
is convenient since it is desirable to remove 
the naphthalene and water in a prelimi¬ 
nary treatment of relatively mild cooling 
and refrigeration. The separation of solid 
benzene “snow” leads to mechanical diffi¬ 
culties and may be avoided by means of 
added hydrocarbons or mitigated by ro¬ 
tating scrapers, etc.®* 

The advantages of the process are 
eclipsed by its chief disadvantages: the 
high cost of the specialized equipment and 
plant; high maintenance and labor charges; 
and the significant power requirement nec¬ 
essary in the cooling and compressing of 
large quantities of comparatively lean coke- 
oven gas. More feasible would be the ap¬ 
plication to light-oil recovery from low- 
temperature carbonization, since the gas 
volumes are then relatively small. 

As mentioned above, the principles of 
refrigeration and cooling are applied to the 
recovery of light oil only in connection 

59 Thou, A., Oatt- u. Waaserfach^ 73, 717-21 
(1930). 

ooKemmpr, H., Brit. Pat. 370,243 (1931). 

61 Burlachenko, G. O., Coke and Ohem. {U.8. 
8.R.), 1938, No. 12, 27-80. Maluri, G., U. S. 
Pat. 2,219,782 (1940). 

62Aeuillon, J. B., Brit. Pat. 210,114 (1922). 
La society des hauts fourneaux de Rouen, Ger. 
Pat. 389,774 (1922). 
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with ammonia-synthesis plants. European 
practice has been described by Wucherer.®^ 

SOLID ADSORBENTS 

It has long been known that solid sur¬ 
faces have the ability of adsorbing small 
amounts of gases and vapors. A techni¬ 
cally useful adsorbent presents a very large 
surface area per unit volume: substances 
like iron oxide gel, silica gel, zeolites, and 
active carbons or charcoals fall in this class. 

Many utilizations of adsorJ:)ent processes 
are known, but only recently have they 
been successfully applied to light-oil re¬ 
covery. In the pioneering development it 
was found that the chief difficulty lay in 
the then notoriously short working life of 
the active carbon, this a(lsorl)ent alone 
proving practical. Through a systematic 
investigation by Ilollings and associates® 
of the role played in carbon deterioration 
by the various components of coal gas, the 
working cycle has been lengthened to such 
an extent that the process now can actively 
compete, in foreign technology, with the 
older well-known wash-oil process. In the 
United States, large quantities of excellent 
absorbent oils are available at such low 
prices that there has been little interest in 
other methods and no active-carbon instal¬ 
lations have been macle. In addition, the 
process is peculiarly suitable for gas plants 
where, under American conditions, light-oil 
recovery has not usually been feasible. In 
contrast, the lack of a good indigenous pe¬ 
troleum wash oil has led to the widespread 
utilization of active-carbon processes in 
foreign practice, particularly in Germany, 
France, and Switzerland. Of the few in¬ 
stallations in England, the Beckton plant 
of the London Gas Light and Coke Com¬ 
pany, which produces 24,000 U. S. gallons 

68 Wuchcrer, J., u. Wasaerfach, 78, 118- 
21 (1935) ; Stahl u. Ei$en, S8, G80-92 (1938) ; 
Qaa World, 108, 299-301 (1938). 


of light oil per day, is perhaps the largest 
active-carbon plant in the world. 

In its simplest outlines, an active-carbon 
light-oil-recovery plant is operated as an 
intermittent two-stage process consisting of 
an adsorbing and a stripping step. 'The 
light oil is removed from the gas by pas¬ 
sage of the gas through a bed of active 
carbon suitably disposed in a large vessel. 
Recovery is almost quantitative until the 
''break point” is reached, at which the ef¬ 
ficiency of removal drops off very rapidly. 
At this point the flow of gas is interrupted 
and diverted into a fresh adsorber. The 
saturated adsorber is suitably connected 
with condensing equipment, and the light 
oil is driven from the carbon by means of 
both indirect and direct steam. After 
cooling, usually accomplished by circulating 
water through coils embedded in the car¬ 
bon, .the adsorber is again ready for light- 
oil recovery, and the cycle is resumed. The 
carbon gradually loses its effectiveness 
through the deposition of resinous material 
within the pores and must be discarded 
after approximately 1,200 to 1,500 repe¬ 
titions of the adsorption and stripping cy¬ 
cle. A detailed description of the opera¬ 
tion of the Beckton plant of the London 
Gas Light and Coke Company has been 
given by Hoffert and Claxton.® A dia¬ 
grammatic layout of this plant is shown in 
Fig. 2. 

The actual mechanism of vapor adsorp¬ 
tion on active carbon is not known. It is 
reasonable to assume that the molecules of 
the solid lying in the outer surface, because 
of their unique position, display a reactiv¬ 
ity that can he interpreted in terms of 
chemical valences. Entanglement of the 
vapor will hence produce a strongly held 
monomolecular layer of the adsorbed ma¬ 
terial. It is also probable that such bound 
molecules display similar entangling prop¬ 
erties, and the process may continue until 
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In porous matemlb the total amount of 
idsorption that takes place is \ery great 
(umpired to the actual surface available, 
and the cahul ilcd thickness of the polymo¬ 
lecular layer becomes imreisonibly hrge 
A portion of the obser\ed phenomenon is 
ascribed to simple condensation in fine 
capilkiry tubes or between closeh adiacent 
limmar structures The difference between 
the vapor pressure of a condensed liquid in 
a capillary and the normal vapor pressure 


nism the extent of adsorption depends only 
on the physical properties of the material 
and the diameter of the c ipillanes and is 
nonselective Adsorption on silica gel and 
zeolites seems to be predominantly of this 
type The adsorption mechanism of light 
oil on active carbon can best be attributed, 
in the present state of knowledge, to an 
mdfetermmate combination of these two 
effects 

It has been found that the Freundlich 
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equation,®* a simple power function, holds 
quite well for the adsorption of light oil 
on the carbons now used for the purpose. 
At any one temperature, the relation be¬ 
tween X, the amount of light oil adsorbed, 
and p, the vapor pressure of the light oil 
in the gas, is 

X = ap^ 

where a and N are constants depending 
upon the temperature, the tyi)e of carbon, 
the history of the carbon, and the nature 
of the light oil. N is substantially inde¬ 
pendent of temperature; da/dT is about 
0.01 per ®C at 15° C. In practice it is de¬ 
sirable that the adsorption per gram of 
carbon be as large as possible; this is ac¬ 
complished by using reactive carbons and 
reasonably low temperatures (high a). In 
order that the effectiveness of adsorption 
will not suffer at low concentrations it is 
desirable to choose carbons characterized 
by low values of the constant N,®® 

In addition to light oil, considerable 
amounts of the other components of coal 
gas are adsorbed, and significant quantities 
find their way into the light oil. Light 
oil recovered from active carbon contains 
larger quantities of ammonia, nitric oxide, 
cyanogen, carbon oxysulfide, hydrogen sul¬ 
fide, carbon disulfide, and light unsaturated 
hydrocarbons, particularly the last two, 
than does that recovered from wash oil. 

As coal gas is passed into a freshly 
steamed absorber, the carbon becomes pro¬ 
gressively saturated, first with the more- 
volatile materials, then with the higher¬ 
boiling compounds such as benzene, toluene, 
etc. Eventually considerable quantities of 
the lighter materials first adsorbed are dis- 

64 Freundlicb, H., Kapillarchemiet Akad. Ver- 
lagsgesellschaft m.b.H., Leipzig, 2nd ed., 1020, 
591 pp. 

85 Fellmann, H., Schweiz. Ver. ti. TVo8«er- 
fach. Monats-Bull., 20, 52-62, 71-80, 87-95, 
102-7 (1940). 


placed by the less-volatile components of 
light oil. If quantitative removal of the 
carbon disulfide is desired, it is found that 
the adsorber must be removed from opera¬ 
tion when only two-thirds saturated with 
light oils.®® 

Some of these adsorbed materials pro¬ 
foundly affect the efficiency and life of the 
carbon. Hydrogen sulfide is oxidized by the 
small amount of oxygen usually present in 
coal gas, the carbon acting as a catalyst, 
and the resultant deposit of sulfur soon 
greatly reduces the effective surface area of 
the carbon. Gas free from hydrogen sul¬ 
fide is an axiomatic requisite for economic 
application of the process, and the recovery 
plant is usually placed after the dry box 
purification system. The removal of naph¬ 
thalene from the gas before light-oil re¬ 
covery is usual in British practice and is 
thought desirable, especially in large instal¬ 
lations; this precaution is dispensed with 
in certain continental installations. 

The most serious, and at present un¬ 
solved, deterioration of the carbon results 
from the deposition of a low-volatile gum 
or resin in the pores of the adsorbent. 
There is considerable evidence to show that 
1 hi.s material is the result of some reaction 
between the hydrogen cyanide in the gas 
and some of the unsaturated eonstituents 
of light oil. Although the nitrogen content 
of the gum is small it is not believed that 
the action of the hydrogen cyanide is 
purely and wholly catalytic. The extent of 
formation of the resin seems to depend on 
a variety of factors, including the relative 
directions of gas and steam flow, the bed 
temperature during adsorption, the length 
of time light oil is allowed to remain in the 
carbon filter before removal by distillation, 
and the thermal conditions during this 
distillation. The deterioration of carbon 

66 Blume, K., Gas- u. Waaserfach, 78, 785-9, 
810-4 (1936). 
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through gum deposition is not akin to the 
poisoning of catalysts where only minute 
traces of impurities are involved but seems 
to be chiefly a mechanical effect; the 
amount of gum finally adsorbed may be 
25 to 30 percent of the original carbon 
weight. Further, the adsorptive capacity 
of the carbon fcg* gum is greater than the 
initial adsorptive capacity for light oil. In 
practice, it is found that the rate of depo¬ 
sition of resin may be significantly de¬ 
creased by a proper combination of em- 
l)irical operating techniques which include: 

1. ( 'Ountercurreiit directions of flow for 
gas and steam in the adsorption and strip- 
I)ing steps. In comparison with concurrent 
flow it is relatively more difficult for light- 
oil constituents of high molecular weight to 
l)cnetrate far into the charcoal bed. 

2 . The avoidance of excessive rise in 
temperature of the adsorbent during both 
adsorption and stripping. Temperature 
control during strijqnng is easy; tempera¬ 
ture control during adsorption is pro¬ 
foundly affected by the amount of water 
retained by the carbon in the stripping 
stej). During adsorption, 600 to 700 Btu 
of heat per pound of light oil is evolved 
and dissipated through radiation, increase 
in sensible heat content of the outlet gas, 
transfer to cooling water circulated in em¬ 
bedded coils, vaporization of water in the 
carbon, and rise in temperature of the ad¬ 
sorbent. Heat removal by the evaporation 
of water is predominant, especially in the 
early stages of adsorption, and careful con¬ 
trol of the residual moisture content of the 
bed is necessary for economic operation. 

3. Saturated adsorbers should be steamed 
immediately on removal from the line; that 
is, the time of contact of light oil on hot 
carbon should be held to a minimum. 

4 . During adsorption, gas should not be 
allowed to pass through the filter after the 
break point is reached. 


Observation of the appearance of a flame 
is a sensitive control procedure. Beyond 
the break point the efficiency of light-oil 
recovery drops precipitously to uneconomic 
levels while the efficiency of gum adsorp¬ 
tion seems quite unimpaired. 

The active carbon must be periodically 
replaced since no good regeneration pro¬ 
cedure exists. Extraction with solvents is 
a practical failure, as the best solvent, pyri¬ 
dine, will remove only about one-fourth of 
the gum. Partial regeneration can be ac¬ 
complished by strong heating in inert at¬ 
mospheres and by hydrogenation processes, 
typical of which is a method involving 
treatment with aciueons ammonium vana¬ 
date and hydrogenating at 440 to 450® C 
under a pressure of 250 to 280 atmospheres. 

In contrast to active carbon the reacti- 
fication of silica gel is relatively easy and 
can be accomplished by heating to 550 to 
600® C in an oxidizing atmosphere. Gums 
are burnid away with no appreciable de¬ 
terioration of the adsorbent macrostruc¬ 
ture. Although silica gel is an active ad¬ 
sorbent for light oils its hydrophilic nature 
necessitates a somewhat more complicated 
mode of operation. The steam stripping 
process leaves the silica gel bed in a condi¬ 
tion unfavorable for light-oil adsorption; it 
must be followed by procedures designed 
to dry the gel completely. A hydrophobic 
material, such as active carbon, is evidently 
superior, since simpler processes can be 
used. No plant-scale commercial installa¬ 
tion of silica gel light-oil recovery was ever 
made. Semi-large-scale experiments car¬ 
ried out in 1923 by the Silica Gel Corpora¬ 
tion resulted in a pilot plant of novel de¬ 
sign. The process was continuous, adsorp¬ 
tion, stripping, and drying taking place in 
a countercurrent flow of levigated silica gel 
with gas, steam, and hot air.**^ Soon aban- 

67 Williams, B. C., J. Boo. Ohem. Ind,, 48, 
97-112T (1924). 
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doned, this plant is historically interesting 
in that it represents the solitary example 
of the utilization of solid adsorbents for 
light-oil recovery in America. The Amer¬ 
ican coke-oven operator’s preference for 
the wash-oil process can be explained 
through a comparison of the advantages 
and disadvantages of the two processes. 

The advantages of the active-carbon 
over the wash-oil process are as follows: 
(1) for equal percentage extraction effi¬ 
ciencies the consumption of process and 
heating steam is slightly less in the active- 
carbon process; (2) power and cooling 
water requirements for the active-carbon 
process are less than those required in the 
oil-absorption system; (3) the operation of 
solid adsorbent methods of light-oil recov¬ 
ery can be practiced with relatively high 
gas temperatures with only slight loss of 
recovery efficiency; (4) the light oil is not 
contaminated with an absorbent material, 
e.g., wash oil; and (5) in normal operation 
the active-carbon process will remove 70 
percent of the sulfur compounds in the gas 
as compared with the 40 to 60 percent re¬ 
moval usually achieved in the wash-oil re¬ 
covery process. 

These advantages are more than out¬ 
weighed, especially in American practice, 
by an imposing list of disadvantages: (1) 
the replacement cost, per gallon of light oil, 
of active carbon is many times that of a 
good petroleum wash oil; (2) hydrogen 
sulfide must be removed from the gas, 
while most large American light-oil-recov¬ 
ery plants are operated at steel plants 
where desulfurization of the gas would not 
be otherwise necessary; (3) corrosion of 
adsorbers and other equipment is inten¬ 
sive; (4) the intermittent nature of the 
process inevitably results in increased la¬ 
bor, control, and supervision; and (5) the 
crude benzol or motor-fuel cut of active- 
carbon light oil will contain nearly twice as 


much sulfur as the similar fraction of wash- 
oil-process light oil and will require more 
expensive refining techniques. At plants 
using low-sulfur American coals and a wash- 
oil process it frequently happens that sim¬ 
ple fractionation (no forerunnings stripper) 
of the light oil produces a motor benzol 
well under current sulfur specifications. 
This would rarely, if ever, result if a solid- 
adsorbent process were employed. 

The continental applications of the ac¬ 
tive-carbon process are quite similar to the 
British practi(;e described in detail above 
except that the preliminary oil wash to re¬ 
move naphthalene, indene, and coumarone 
is frequently omitted. Many descriptions 
are available in the technical literature.®^ 

LIQUID ABSORBENTS 

All American light oil and the bulk of 
foreign light oil is recovered by some varia¬ 
tion of the traditional liquid absorbent sys¬ 
tem. Basically, two steps are always in¬ 
volved: (1) washing the rich gas with a 
suitable liquid menstruum; (2) stripping 
the absorbed hydrocarbons from the en¬ 
riched wash oil and condensing these 
stripped vapors to form light oil. Within 

68 Kngt*lhardt, A., Gas- u. Wasscrfach, 04, 
205-6 (1921), 65, 473-7 (1922) ; J. usines gaz, 
45, 170-1 (1921). Urbain, R., Gas J., 167, 449 
(1924); J. usines gas, 40, 1 (192.5); Chimie d 
industrie, Special No., 245-51 (1925). Tlmii, 
A., Gas World, 83. Coking Seet., 107 (1925). 
KeiRemann, E., Brennstoff Chvm., Jl, 22(}-9 
(1930). Engelhard!, A., and Riiping, II., Gas- u. 
Wasserfach, 76, 478-84 (1933) : (}as J., 203, 
154 (1933). Plenz, F., Gas- u. Wasserfarh, 77, 
457—62 (1934). Schon, V., Montan Rundschau, 
28, No. 22, 6-8 (1936) ; Petroleum Z., 32, No. 
45, 13—6 (1936). Simon, A., Gas- u. 
fach, 79, 857-62 (1936). Tlioiiia, M., Svhmciz. 
Ver. Gas- u, Wasserfach. Monnts-BuU , 16, 257— 
68 (1936). BuntP, K., and Briickner, II., Gus- 
u. Wasserfach, 80, 711-6 (1937). Schon, G., 
Bs€nkisMeti KbzUm^ny^k, .3, 148-54 (1937). 
Bailleul, G., Herbert, W., and ReiRcmann, E., 
Aktive Kohle und Hire Verwendung in der chem- 
isehen Industrie, F. Enke, Stuttgart, 2nd ed.. 
1937, 120 pp. 
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this fundamental framework the designer 
may vary the details of the process to suit 
local conditions. Thus there are plants op¬ 
erating with widely different types of wash 
oils, absorbing equipment, stripping equip¬ 
ment, etc. Even more important is the 
sensitivity of recovery efficiency to operat¬ 
ing variables and the consequent flexibility 
inherent in any fixed installation. The sim¬ 
plicity of the equipment needed, the readi¬ 
ness with which a continuous process may 
be controlled, and the availability and 
cheapness in America of good petroleum 
wash oils all combine to make this system 
of recovery especially attractive to Amer¬ 
ican operators. 

Theoretical Considerations. Gas scrub¬ 
bing is usually carried out countercurrently 
in vertical packed towers. A suitably 
cooled and purified coke-oven gas is caused 
to flow upwards through the packing ma¬ 
terial where it meets, and comes into more 
or less intimate contact with, a stream of 
absorbent oil flowing in the opposite direc¬ 
tion. The efficiency of recovery for any 
one constituent will depend, in part, upon 
the relative proportions of gas and liquid, 
the nature of the constituent, the nature of 
the wash oil, the degree to which equilib¬ 
rium between gas and liquid is attained, 
the temperature, and the detailed proper¬ 
ties of the system: constituent-wash oil. 

The treatment is much simplified and 
sufficiently accurate for all practical pur- 
poses if we assume that the partial pres- 
s\ire p of any constituent of light oil in the 
gas, such as benzene, is proportional to the 
concentration Y expressed in stoichiometric 
units (pounds of benzene per pound of lean 
gas). Similarly the concentration X of the 
constituent in the wash oil may be ex¬ 
pressed in stoichiometric units (pounds of 
benzene per pound of wash oil).®® The 

09'Sherwood, T. K., Absorption and Extraction, 
McGraw-Hill Book Co., New York, 1937, 278 pp. 
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low concentrations met with in light-oil- 
recovery practice fully justify these simpli¬ 
fications. It has further been found that, at 
normal scrubbing temperatures and at the 
low concentrations employed, the equilib¬ 
rium data for the system can be adequately 
expressed by the stoichiometric form of 
Henry’s law: 

7 = mX (1) 

For American petroleum oils from one 
source, the constant m seems to be sub¬ 
stantially independent of the molecular 
weight of the wash oil."^^ The deviations 
from Raoult’s law almost exactly nullify 
any expected change with variation in mo¬ 
lecular weight. Lacking an experimental 
determination, m may be computed from 
Raoult s law by taking the “apparent mo¬ 
lecular weight” of American wash oils to 
be 260. 

If L and G are the liquid and gas flow 
rates and the subscripts o and i refer to 
outlet and inlet conditions, a material bal¬ 
ance across the absorption equipment gives 
the expression 



The maximum absorption will occur when 
the exit lean gas Yq is in equilibrium with 
the inlet wash oil containing of benzene. 
In the same way the minimum amount of 
wash oil necessary for the maximum ab¬ 
sorption is found by assuming equilibrium 
at the bottom of the tower. By substitu¬ 
tion of equation 1 in equation 2 the mini¬ 
mum critical oil-to-gas ratio is found to be 

L mXo — mXi 

_ — - SSI ffl 

G Xo-Xi 

70 Meier-Grolman, F. W., Oppelt, S., and 
Schmitt, H., Oel Kohle, 36, 457-69 (1940). 

71 Wilson, B. D., and Davis, H. S., Ind. Eng. 
Chem., 15, 947-60 (1923). Powell, A. E., Proe. 
Am. (fas Assoc., 1985, 699. 
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In other words, /or maximum absorption 
the necessary oUrto-gas ratio is independ¬ 
ent of the concentration of the constituent 
in the gas. It depends only upon m, which 
in turn varies with the vapor pressure of 
the pure constituent under consideration 
and the temperature. With an ordinary 
petroleum wash oil and operating tempera¬ 
ture of 15® C, it is found that the critical 
ratio for benzene is about 6 gallons of wash 
oil per 1,000 cubic feet of gas. The critical 
ratios for the less-volatile components are 
considerably smaller; if an oil-to-gas ratio 
adequate to absorb benzene completely is 
chosen, the maximum absorption of toluene 
and xylene is automatically assured. The 
possible absorption may not be complete 
since the degree of debenzolization is an 
important variable. Complete debenzoli¬ 
zation in the steam stripping step would 
reduce to zero, an economically unfeasi¬ 
ble operation. Assuming equilibrium, the 
minimum benzene content of the washed 
gas, Yq, will be mX*. The optimum op¬ 
erating value of Xi can be determined only 
by an economic analysis defining the cost 
of removing each additional increment of 
light oil. 

In order to secure the conditions that 
would lead to maximum absorption with 
the theoretical minimum oil-to-gas ratio 
very large equipment would be needed to 
provide the necessarily long contact times. 
It is common to use equipment of a rea¬ 
sonable size and to operate with an oil-to¬ 
gas ratio somewhat higher than the critical 
minimum value. Ratios of 12 to 15 gal¬ 
lons of wash oil per 1,000 cubic feet of gas 
are common at temperatures of 20 to 
25° C. The desired excess can be easily 
determined if the scrubbing effectiveness of 
the particular towers employed has been 
evaluated in terms of the familiar concepts 
of “theoretical plates” or “transfer units.” 
Senders and Brown, and Coret, have de¬ 


rived an elegant expression relating the 

scrubbing efficiency E to the oil-to-gas ratio 
and the effectiveness of the equipment as 
measured in theoretical plates (N ): 



It is again seen, for the general case, that 
the effectiveness of recovery for any one 
constituent is independent of the actual 
concentration in the gas. At the minimum 
oil-to-gas ratio, L/mG is equal to unity 
and the numerical value for any particular 
case can be considered to define the num¬ 
ber of critical volumes of wash oil em¬ 
ployed. The tabulation of the function in 
Table VII shows that any desired scrub¬ 
bing efficiency can be obtained in many 
ways by employing various combinations 
of the oil-to-gas ratio and the number of 
theoretical plates. A design involving six 
to seven plates and the use of 1.5 to 2 0 
critical volumes of oil will he found nocc.s- 
sary in practice for economically complete 
recovery. Extrapolation from laboratory- 
scale absorption towers to plant-scale 
equipment is very unreliable, and it is usu¬ 
ally necessary to evaluate any new^ depar¬ 
ture in tower packing materials by a study 
of performance at a field installation. It is 
very roughly true in towers more than 4 
feet in diameter that a theoretical plate or 
a transfer unit will be represented by 20 
to 25 vertical feet of wooden hurdles and 
about 10 feet of steel turnings in present- 
day designs of scrubbing towers and under 
the usual conditions encountered. Super¬ 
ficial gas velocities of 1.8 to 3 5 feet per 
second are often employed. 

72 SouderH, M., and Brown, G. G., Ind. Eng. 
Chem., 24, 519-22 (1932). Coret, G., J. uainea 
Vttz, 56, 241-4S2 (1982). 
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Value of 



FOR Various Values of 


( -— ) AND N 

mG/ 


L 

mG 

N = 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

00 

0.5 

0.333 





0.495 





0.500 

0.6 



0.540 




0.595 




0.600 

0.7 



0.610 




0.685 




0.700 

0.8 



0.665 




0.750 




0.800 

0.9 



0.710 




0.820 




0.900 

1.0 

0.500 

0.660 

0.750 

0.800 

0.830 

0.850 

0.875 

0.888 

0.900 

0.910 

1.000 

1.1 



0.790 




0.910 




1.000 

1.2 

0.530 

0.720 

0.820 

0.860 

0.895 

0.920 

0.940 

0.950 

0.965 

0.975 

1.000 

1.3 



0.840 




0.960 




1.000 

1.4 



0.860 




0.970 




1.000 

1.5 

0.600 

0.780 

0.880 

0.930 

0.943 

0.960 

0.980 

0.986 

0.991 

0.994 

1.000 

1.6 



0.890 




0.985 




1.000 

1.7 



0.900 




0.990 




1.000 

1.8 



0,910 




0.993 




1.000 

1.9 



0.920 




0.995 




1.000 

2.0 

0.660 

0.850 

0.930 

0.960 

0.980 

0.990 

0.996 

0.998 

0.999 

0.999 

1.000 


For purpobes of simplification in the 
above, the terms “theoretical plate'^ and 
“transfer unit” have been used more or 
loss inlercliangeably. It should be realized 
that the two are equal only if the operat¬ 
ing and equilibrium lines are parallel, al¬ 
though no great error is introduced if the 
divergcnoe is small. The lines are substan¬ 
tially parallel in the normal case, that is, 
temperatures of 20 to 25® C, an oil-to-gas 
ratio of 12 to 15 gallons per 1,000 cubic 
feet, and a light-oil content, in the deben- 
zolized oil, of 0.3 to 0.4 percent. Under 
conditions considerably different from the 
normal the transfer unit should be used. 

This concept has been utilized in making 
the calculations that are graphically set 
forth as Figs. 3 to 10. In these the per¬ 


cent recovery of the three major constitu¬ 
ents of light oil has been set down as a 
function, in turn, of wash-oil rates, benzol- 
scrubber efficiencies, and wash-oil tempera¬ 
tures. The conditions chosen, more or less 
typical, are as follows: 


Total Light Oil 

Gallons 
per Ton 

Volume 

IN Gas 

Coal 

Percent 

Benzol 

2.21 

67 

Toluol 

0.53 

16 

Xylenes 

0.33 

10 

Solvents to 200° C 

0.23 

7 


— 

— 

Total 

3.30 

100 


Gas Yield per Ton of Coal: 11,000 cubic feet at 
30 inches of mercury and 60° F; specific 
gravity 0.35. 
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Total Pressure in Benzol Scrubber: 800 milli¬ 
meters of mercury absolute. 

Wash Oil: 

Specific gravity = 0.88 at 20° C. 

Molecular weight = 260. 

Debenzolized Wash Oil — Debenzdizaiion: 0.35 
percent by volume. 

Volume Percent 


Benzene 0.00 

Toluene 0.00 

Xylenes 0.10 

Solvents to 200° C 0.25 

Total 0.35 


The absorption capacity of equipment 
for scrubbing light oil can, of course, be 
evaluated in terms of the well-known two- 
film absorption theory. It is very probable 


that the* resistance of the wash-oil film is 
negligible and that the revsistance of the gas 
film is controlling. Hence the rate equation 
can be written 

GdY = M^aK^aiY - Ye)dh 

where is the molecular weight of the 
light-oil constituent, KQa is the overall 
transfer coefficient, h is the height of the 
tower, F — Fg is the potential across the 
film, and a is a constant introduced to con¬ 
vert the potential expressed in stoichiomet¬ 
ric units into terms of partial pressure. 
Because of the linear relationship between 
F and X the integration is simple and 
gives *** 

G(Y^-Y,)^M^9iKaah(Y-Y,)^y 



Wash • oil Circulation, Gallons per Ton Coal 

Fig. Variation of recovery of the components of light oil with wash-oil circulation at 20* C. 
a Scrubber equivalent to four transfer units. 
h Molecular weight of wash oil. 260; specific gravity, 0 8R 

c. 11,000 cubic feet of coke-oven gas (sp. gr. = 0.35) per ton of coal. 

d. Total light oil in gas, 3.30 gallons per ton of coal. 

e. Pressure in scrubber, 8<l0 nim Hg absolute. 

/. Debenzolization of wash oil, 0.35 percent by volume. 
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Wash - oil Circulation, Gallons per Ton Coal 


Fi( 3 . 4 Variation of recovery of the components of lij?ht oil with wash-oil circulation at 28“ C. 
(Conditions as in Fig. 3.) 



Wash oil Circulation, Gallons per Ton Coal 


Fio. 5. Variation of recovery of components of light oil with wash-oil circulation at 35" C. 
ditions as in Fig. 3.) 
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where (F — is the familiar logarith¬ 
mic mean between the terminal potential 
differences. For design purposes only Koa 
need be known; unfortunately published 
data are very meager. According to Sher¬ 
wood,®® several tests on large scrubbers 
gave an average KgO of 0.6 lb mol/(hr)- 


perature of the vapor pressure of the key 
constituent of the light oil. Low absorp¬ 
tion temperatures are necessarily desirable. 
At too low temperatures, the increased vis¬ 
cosity of the oil may result in poor distri¬ 
bution through the packing, and further 
reduction in temperature is hence often not 



60 80 100 120 140 160 180 200 

Wash • oil Circulation, Gallons per Ton Coal 

Fig. 6. Variation of reoovory of the components of light oil with wash-oil circulation at 20* C. 
(Scrubber equivalent to six transfer units; other conditions as in Fig. 3.) 


(cu ft) (atm) when operating at a gas rate 
of 240 lb/(hr) (sq ft) and an oil rate of 680 
lb/(hr)(sq ft). The tower was 15 feet 6 
inches in diameter and 111 feet tall, and it 
was packed with 7 inch by 14 inch wooden 
slats spaced % inch apart on edge. Data 
for the variation of Kga with gas and oil 
rates, with the type of wash oil, with the 
type of packing, and with temperature are 
not available. The effect of temperature 
may be approximated from theoretical con¬ 
siderations. At any stated scrubbing effi¬ 
ciency the wash-oil rate must be varied 
with temperature in a manner directly 
proportional to the variation with tern- 


useful. Wash-oil temperatures of 15 to 
25® C are common. 

A certain degree of selectivity for par¬ 
ticular components can be secured by 
proper attention to the effectiveness of de- 
benzolization and the magnitude of oil-to¬ 
gas ratio. Substantially complete removal 
of the toluene fraction coincidental with 
only partial removal of the benzene and 
xylene can be achieved by a combination 
of low oil-to-gas ratio and controlled steam 
stripping of the benzolized oil. Total se¬ 
lectivity may be obtained by a combina¬ 
tion of: (a) complete recovery, (b) con¬ 
tinuous separation of the crude light oil to 
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separate out the desired constituents, (c) 
continuous return of the unwanted frac¬ 
tions to the debenzolized oil entering the 
top of the scrubbing column. 

Total scrubbing usually refers to wash¬ 
ing and debenzolization conditions suffi¬ 
ciently thorough to remove all the benzene 
and consequently all the higher-boiling con- 


more properly be classified as gas purifica¬ 
tion processes. 

When substantially complete light-oil re¬ 
covery is desired the packed tower operat¬ 
ing with countercurrent flows is the only 
economically practical type of system. 
Any deviation from the strictly counter- 
current mode of operation leads to ineffi- 



Fkj. 7. Variation of rocovery of the componeiitB of liRht oil with wash-oil circulation at 28“ C. 
U’onditions as in Fig. 6.) 


stituents of light oil. The choice of ben¬ 
zene as the key constituent is arbitrary, 
and light-oil-recovery plants may be de¬ 
signed for total recovery of other compo¬ 
nents. By suitable operation recovery may 
be restricted to naphthalene and gum 
formers,^^ or, proceeding to the other ex¬ 
treme, complete removal of the carbon di¬ 
sulfide may be practiced. In an English 
installation substantially complete recovery 
of the carbon disulfide could be attained by 
wash oil-to-gas ratios of 31 gallons of wash 
oil per 1,000 cubic feet of gas.^^ These ex¬ 
treme applications of light-oil recovery can 

78 Cooper, C., Oas World, 108* No. 2796, Cok¬ 
ing Sect., 27-81 (1938). 


ciency and increased operating costs. Nev¬ 
ertheless, there has been a limited appli¬ 
cation, particularly at gas plants and in 
foreign practice, of a wide variety of in¬ 
genious statics and nonstatic multistage 
washers. In general, the gas is treated 
with wash oil in a number of successive 
bays in each of which the oil is circulated 
or mixed. Contact may be brought about 
by bubbling the gas through the oil, by 
spraying the oil through the gas path, or 
by passing the gas over surfaces wetted 
with the liquid. The flow from bay to bay 
may or may not be countercurrent. In 
any event the efficiency of extraction is 
less than that of a properly designed tower 
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scrubber, and the desirability of employing 
such devices has never been very clear A 
mathematical analysis of multistage scrub¬ 
bers has been made by Silver 
Since extrapolation from small-scale lab¬ 
oratory gas washmg towers to large-scale 


a few notable exceptions, has been on an 
empirical, completely rule-of-thumb basis 
It is beyond the scope of this discussion to 
do more than call attention to the fact that 
both the theoretical and analytical tools 
are available and that they could very 
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Wash oil Circulation Gallons per Ton Coal 

FKi 8 Variation in recovery of the components of light oil with wash oil circulation at 35° C 
(Conditions as in Fig 6 ) 


equipment is associated with m iny pitf ilK, 
the proper design of light-oil scrubbers 
must be based on fundamental transfer 
data obtained in tests made on existent 
installations Although the theoretical 
knowledge necessary to evaluate any such 
experimental study has long been avail¬ 
able, there has been apparently consider¬ 
able reluctance on the part of designers of 
light-oil plants to carry out the requisite 
systematic studies Scrubber design, with 

74 Silver, L, Trane Inet (Ihem Engre (Lon¬ 
don) 12, 64-86 (1934). 


profitably be applied to the technology of 
light-oil recovery 

The liter iture on ga'5 washmg and ab- 
sorbmg column design is exhaustive For 
an amplification of the oversimplified expo¬ 
sition that has been given here the reader 
IS referred to a selected list of papers on 
gas washing and absorber design^® 

"5 Lewis W K, Ind Eng Ohem, 8, 825-33 
(1916) Trane Am Inet Chem Engre, 20, 1-7 
(1927) Whitman W G and Keats J L Ind 
Fng Chim, 14, 186-91 (1922) Lewis, W K, 
and Whitman W G tbid, 16, 1215-20 (1924) 
Caatelo, R C, Chem A Met Eng, 38, 680-1 




THE WASHING MENSTRUUM 


1173 


100 


190 

I 

680 


:70 


a 

& 60 


50 


16 



— 

— 

□ 





- 







B 



H)0Gai 

m.i 

erTon 

Coal 






■ 



J 

S 

W.0.F 

lerTon 

1——J 

Coal 







3 







1 

ms 


10 Gal 

_ 

W.0.P 

_ 

- 

€rTon 

Coal 






m 

■ 



d 










OGalV 

V.0.pe 

rTonC 

k)al 









_ 






























20 


24 28 32 

Degrees C 


36 


40 


Fig. 9. Variation of recovery of light oil with wash-oil temperature. Scrubber equivalent to four 
transfer units. 


The Washing Menstruum. The econom¬ 
ics of light-oil recovery by the liquid-ab¬ 
sorbent process depends, to a great extent, 
upon the particular properties of the wash 
oil employed. It is simple to design a plant 
efficiently adaptable to all possible types of 
coal gas; it is relatively more difficult to 
devise equipment operable with all types 
of wash oils. Details of design and meth- 

(1926). Lewis, W. K., and McAdams, W. H., 
Ind. Eng. Chem., 20, 253-7 (1928). Rosebaugh, 
T., Chcm. d Met. Eng., S.'S. 144 -8 (1928). Mur¬ 
ray, I. L., Ind. Eng. Chcm., 22, 165-7 (1930). 
Simmons, C. W., and Long, J. !>., ibid., 22, 
718-21 (1930). Bolzinger, A., J. usines gas, 50, 
.356-7 (1932). Wearing, C. M., Qaa J., 201, 
750-4, 814-8 (1933) ; Qaa World, 08, 276-9, 
311-6 (1933). Holllngs, H., and Silver, L., 
Trans. Inst. Chem. Engrs. (London), 12, 49-63 
(1934). Chilton, T. H., and Colburn, A. P., 
Ind. Eng. Chem., 27. 255-60 (1935). Hixson, 
A. W., and Scott, C. B., ibid., 27, 307-14 (1935). 
Slron, A., J. usines gas, 59, 231-42 (1935). 
RoKcndahl, P., Chem. App., 25, 193-211 (1938). 
Baker. E. M., and Wiegand, .1. H., Trans. Am. 
Inst. Chem. Engrs., 35, 237-54 (1939). Dolch, 
P., Feuerungstech., 27, 161-73 (1939). White, 
G. E., Trans. Am. Inst. Chem. Engrs., 30, 359- 
09 (1940). 


ods of operation are less dependent upon 
the composition of the recovered product 
than upon the nature of the recovery me¬ 
dium. The defining influence of the wash 
oil may be strongly felt in the purification 
process and may even determine, in part, 
modes of ultimate utilization of the scrubbed 
coke-oven gas. 

The desirable properties of a liquid ab¬ 
sorbent can be set forth in the description 
of a hypothetical ideal wash oil: 

1. The absorptive capacity of the oil 
should be very high; that is, the constant 
m in the Henry’s law relation Y = mX 
should be as small as possible. The oil-to¬ 
gas ratio is a direct function of m; when m 
is small, the volume of oil upon which ex¬ 
pensive pumping, heating, cooling, and re¬ 
generating operations must be carried out 
is also correspondingly small. 

2. The specific heat of the oil should be 
.small since, in the stripping operation, the 
recovery of each gallon of light oil involves 
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the heating to about 120® C or higher of 
many volumes of wash oil. 

3. The vapor pressure of the wash oil at 
the average temperature of the scrubbing 
operation should be small to prevent un¬ 
due loss, by vaporization, of the oil to the 
gas. 


finic content of benzols, toluols, and xylols 
cannot be traced to the use of petroleum 
wash oils but can be more readily corre¬ 
lated with carbonization conditions."^® 

5. The viscosity of the oil should be as 
low as possible and should increase only 
slowly with a decrease in temperature. A 



Degrees C 

Fio. 10 Variation of ^ec(>^e^y of light oil with wash-oil temporatnre Scrubber equivalent to six 
transfer units. 


4. The initial boiling point of the oil 
should be as high as possible; that is, it 
should contain no appreciable' quantity of 
low-boiling material The ease with vhich 
the subsequent separation of benzolized oil 
mto light oil and wash oil can be carried 
out is chiefly a function of the difference 
between the boiling points of the two ma¬ 
terials. If this difference becomes too small 
the higher-boiling products of the light oil 
may become contaminated with the most 
volatile portion of the wash oil. In petro¬ 
leum wash oils the overall result may be 
the introduction of “paraffins” into the 
heavy solvent fraction of the light oil. 
Comparative tests with creosote oils and 
petroleum oils have shown that the paraf¬ 


low viscosity favorably affects the distribu¬ 
tion of the washing medium over the pack¬ 
ing surface and thereby tends to increase 
the coefficients of mass and heat transfer 
through the luiiiid film 

6. The specific gravity of the wash oil 
should be as far removed from that of 
water as possible. “Whether this is really 
necessary, and the actual range of specific 
gravity to be avoided, w^ould appear to be 
a matter of opinion With care in plant 
operation, actual admixture of wash oil 
with water is avoidable. Moreover, the 

76 The National Benzole Association, Seventh 
Kept. Joint Benzole Research Com, 1980, 121. 

77 The National Benzole Association, Fijth 
ttept. Joint Benzole Besearoh Com., 1928, 100. 
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danger of emulsification of the oil by water 
undoubtedly varies with the type of oil 
used; e.g., oils containing phenols are more 
liable to emulsification with water than 
purely hydrocarbon oils. For the reasons 
given, however, a specific gravity higher 
than 1.02 or lower than 0.98 may be re¬ 
garded as desirable.^ 

7. The oil should maintain its initial 
properties under working conditions for as 
long a period as possible. Particularly the 
oil should not thicken, increase in molecu¬ 
lar weight, or combine with any of the im¬ 
purities in the gas to form resins or insolu¬ 
ble sludges. 

8. The oil should not contaminate the 
gas with any undesirable compounds. A 
tar oil high in naphthalene would, for in¬ 
stance, be quite unsuitable for use at a gas 
plant where restrictions are placed on the 
naphthalene content of the send-out gas. 

9. The oil should be cheap and indige¬ 
nous to the country of use. 

Although a very large number of ma¬ 
terials have been described and recom¬ 
mended as suitable absorbents, only a few 
have found extensive commercial utiliza¬ 
tion. Usually either a petroleum oil or tar 
oil is used. In German practice coal-tar 
oils and brown-coal tar oils have been uti¬ 
lized almost exclusively; in England, since 
1923, when the first economically significant 
utilization of petroleum wash oils occurred, 
petroleum oils have largely supplanted 
coal-tar oils; in the United States petro¬ 
leum oils are at present invariably em¬ 
ployed. The miscellaneous materials, some 
of only historical interest, include: tetralin, 
nitrobenzene, aniline, green oil, cresol, shale 
oil, low-temperature tar oils, Bergius-tar 
oils, blast-furnace creosotes, tar, and naph¬ 
thalene (additive in solution). 

PETROLEUM OILS. '‘Gas oils,’^ ^'straw 
oils,’^ and ^'spindle oils” are so inexpensive 
compared with the various creosote oils 


that this factor alone easily outweighs the 
disadvantage of these materials in domes¬ 
tic applications. The chief objections to 
petroleum wash oils are: (a) the formation 
of sludge which precipitates on heating 
surfaces, and (6) the relatively low ab¬ 
sorbent capacity of the material. 

A typical, currently available oil may be 
described by abstracting the specifications 
of a large user of wash oil: (1) specific 
gravity —^the specific gravity shall be de¬ 
termined by means of a hydrometer or 
Westphal balance and must not be over 
0.875 at 15.5" C/15.5" C; (2) viscosity-- 
the viscosity must not be more than 69 
Saybolt seconds at 38" C and not greater 
than 150 seconds at 4® C; (3) emulsifica¬ 
tion —when 100 milliliters of the oil is 
shaken vigorously for 20 minutes with 100 
milliliters of distilled water in a 250-milli¬ 
liter glass-stoppered cylinder at 21" C at 
least 95 percent of the oil must separate 
in 10 minutes; (4) boUing range —^not more 
than 1 percent of the oil shall distil under 
300" C, and not less than 90 percent under 
370® C; and (5) the residue of carbona¬ 
ceous or other material from the oil shall 
not be more than 0.10 percent by weight 
when subjected to a temperature of 140 to 
145" C for 120 hours. 

As a further example, a specification of 
the U. S. Bureau of Standards for a straw 
oil suitable for light-oil recovery is as fol¬ 
lows: (1) specific gravity (60"F/60"F), 
not less than 0.86; (2) flash point, not less 
than 135" C (open-cup tester); (3) viscos¬ 
ity, not more than 70 seconds at 37.7" C 
(100" F) by Saybolt viscosimeter; (4) 
when 500 milliliters of the oil is distilled 
with steam at atmospheric pressure, col¬ 
lecting 500 milliliters of condensed water, 
not more than 5 milliliters of oil shall have 
distilled over; (5) the oil remaining after 
the steam distillation shall be poured into 
a 500-milliliter cylinder and shall show no 
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permanent emulsion; and (6) the oil shall 
not lose more than 10 percent by volume 
on washing with 2.5 times its volume of 
100 percent sulfuric acid, when vigorously 
shaken with the acid and allowed to stand 
for 2 hours. 

Although not mentioned in the above 
specifications the paraffinic or naphthenic 
nature of the oil is believed to have some 
bearing on the value of the oil as a wash 
oil. Special distillates, almost wholly either 
naphthenic or paraffinic, are now available 
for use as recovery media. 

It is very desirable fhat the specifica¬ 
tions of an absorbent medium include a 
test that is a measure of the absorptive ca¬ 
pacity,^® as, for example, a determination 
of m in the relation Y - mX. Wilson and 
Davis, in an investigation of seven oils, dis¬ 
agreed with this view and claimed that no 
absorption test was necessaryThey 
found substantially identical capacities for 
all the oils tested; the absorptive capacity 
seemed to bear no relation to the molecular 
weight when the molecular weight was de¬ 
termined by a cryoscopic method. Unfor¬ 
tunately, the molecular weight of oil de¬ 
termined by any procedure involving dilute 
solution in a solvent quite often bears little 
relation to the effective molecular weight 
computed from vapor-pressure relation¬ 
ships. The olefin content of the oil seems 
to be of little importance; Mathias found 
the desirable specifications to include: spe¬ 
cific gravity, viscosity, loss on steam dis¬ 
tillation, emulsion test, initial boiling point, 
pour test, and oxidation sludge test.’^® 

Although the absorptive capacity of fresh 
petroleum wash oils is considerably less than 
that of fresh creosotes,^^' this advantage 
of tar oils rapidly disappears on use.®® Tar 

TSKOnig, B., OlUckauf, 73. 325-30 (1937). 

79 Mathias, H. R., Ind. Eng. Chem., 23. 804-7 
(1931). 

KOpannertz, F., Oaa- if. Wasaerfach, 05, 113-5 
(1922). Bunto, K., and Frel, E., ibid., 65. 273-7 


oils tend to increase in viscosity and molec¬ 
ular,weight owing to the solution of resinous 
substances; in petroleum oils the resinous 
materials are chiefly deposited as a sludge, 
and the residual oil, showing only a slight 
increase in viscosity and decrease in ab¬ 
sorptive capacity, is still suitable for use.®^ 
The precipitated sludge tends to collect on 
heat-transfer surfaces and, unless removed, 
or its formation inhibited, leads to consid¬ 
erable difficulty. Although the mechanism 
of sludge formation is not well established 
it is generally agreed that the precipitate 
is a high-boiling component of coal tar rela¬ 
tively soluble in the benzolized oil but cor¬ 
respondingly insoluble in the debenzolized 
oil. Ullman ®2 found that sludging was 
prevented by the prior treatment of the 
gas with an effective electrostatic precipi¬ 
tator. It seems generally established that 
petroleum wash-oil sludges are usually 
characterized by a high content of sulfur 
compounds. More recent work indicates 
that some of the sludge may be formed by 
the polymerization and perhaps reaction 
with some constituent of the wash oil of 
either styrene, indene, or coumarone.®® 

A large variety of methods have been 
used either to prevent the formation of 
sludge or to remove mechanically the al¬ 
ready formed precipitate from the oil. 
Karrer and Lusby,®®* ®^ in their procedure, 
added an anti-oxidant to the oil before 
introduction in the system. Practically, 
about 0.5 percent of a hardwood tar dis- 

(1922). Nawing, R., and Bnglcr, ibid., 07, 
551-2 (1924). Weindel, A., Gas J., 173, 92-4 
(1926). 

81 White, F., and Kellett, S., Gas World, 90, 
Coking Sect., 68-75 (1932). 

82 IJllmun, II. M., Chamberlin, D. S., Simmona, 
C. W., and Thorpe, M. A., Ind. Eng. Ghent., 21, 
313-4 (1929). 

83 LiiHby, O. W., and Utermohle, C. E., Ameri¬ 
can Gaa Aaaoc., Joint Com. Con). Production d 
Chem. Coma., New York, 1040, May 29-22. 

81 Karrer, S., and Lu8by, O. W., U. S. Tat 
2,191,486 (1940). 
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tillate has been found very effective even 
at elevated temperatures, a circumstance 
which makes possible the use of high tem¬ 
peratures with a concomitant small live 
steam demand in the debenzolization step. 
A clay filter of 60 to 90 mesh material was 
employed to remove the small amount of 
residual sludge that was formed despite the 
inhibiting action of the hardwood distil¬ 
late; this filter material contributed to the 
effectiveness of the process. 

A similar problem of reconditioning ab¬ 
sorbent oils exists in the petroleum indus¬ 
try. Usually some application of fractional 
distillation has been employed, either at at¬ 
mospheric pressure using a fire still, or un¬ 
der reduced pressures using indirect steam 
boiling coils. A rather large amount of 
specialized equipment is necessary. 

Many of the disadvantages of former 
distillation methods of purification are 
avoided by a very simple scheme of Sto¬ 
ver's,®® which, in addition to use by the 
petroleum industry, has been enthusiasti¬ 
cally adopted by the designers of modern 
light-oil-recovery plants. 

The purification unit consists of a still— 
a tank with trays or baffles—and a heater, 
operating in conjunction with the deben- 
zolizing still. No auxiliary equipment such 
as a condenser, a condensate receiver, or a 
pump is required. The agitation steam 
which normally enters the base of the de- 
benzolizing or stripping still is diverted to 
pass through the purifier where it vaporizes 
the w^ash oil contained therein. This steam, 
saturated with oil vapors, then flows into 
the debenzolizing still and performs its 
stripping action in the normal manner. 
Raw oil from the plant system flow^s by 
gravity to the purifier, the amount of feed 
being automatically regulated by a liquid 

85 Reflnrr Natural Gasoline Mfr , 18, No. 2, 
8»-90 (1039). Stover, W. A., U. S. Pat. 2,196,- 
878 (1940). 


level controller. The raw oil stream is usu¬ 
ally removed from one of the upper trays 
of the stripping still. Nonvolatile sludge 
gradually accumulates in the base of the 
purifier, whence it is drained at infrequent 
intervals to a muck tank. Oil is fed to the 
purifier as rapidly as it is evaporated, but 
the amount is usually small, averaging less 
than 1 percent of the total oil circulation. 
Theoretically, no additional steam is used 
in operating the process; practically, the 
amount of additional steam is hegligible. 
A somewhat similar procedure has been de¬ 
scribed by Rector.®® The Stover system 
has been combined with the inhibitor proc¬ 
ess of Karrer and Lusby in one instal¬ 
lation. 

A few other schemes for the regeneration 
of spent petroleum oils may be briefly 
mentioned. A portion of the foul oil may 
be periodically withdrawn and filtered in a 
filter press ®^ or a portion may be continu¬ 
ously withdrawn and centrifuged.®® Re¬ 
generation by washing with hot water has 
been recommended.®® Since the sludge is 
more insoluble in low-boiling hydrocarbons 
the addition of these to precipitate the 
sludge follow^ed by fractional distillation to 
remove the added component has been 
proposed.®® Weindel has developed a con¬ 
tinuous process suitable for both petroleum 
oils and tar oils. The spent absorbent is 
distilled in a fire still, the charge being agi¬ 
tated by a small current of debenzolized 
gas, which is returned to the suction gas 

sellpcfor, N. K., U. S. Pat. 2,164,593 (1939). 

87 Otto, C., and Co. G.m.b.H., Gor. Pat. 502,189 
(1930). Weller, W., Gas- u. Wasserfarh, 80, 
746-8 (1937). 

88 Minot, M., Chimic t£ industrie, 21, 252 
(1929). SharpleB, P. T., U. S. Pat. 1,766,196 
(1930). 

89 SchOneborn, II., U. S. Pat. 1,980,009 (1934). 
Still, C., Brit. Pat. 460,478 (1937). 

»o StinneH, Z. M., and Kieniatedt, H., Ger. Pat. 
408,030 (1925). Finn, C. P., Brit. Pat. 495,789 
(1938). 
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main before the coolers.®^ Jones treated 
the spent oil at a temperature below 70® C 
with 2 to 10 percent by volume of 60 to 
66® Baum4 sulfuric acid; the sludge formed 
was removed and the oil washed with water 
and dilute aqueous alkali solution.®® Mos- 
tart produced coagulation of the sludge 

Thau, A., Oas Worlds 103, Coking Sect., 
84-6 (1935). 

B2 Jones, I. H., U. S. Pat. 1,949,746 (1934). 


particles by the addition of suitable electro- 
lylies.®* 

TAR OILS. On the Continent and in Eng¬ 
land, creosote oil has been more widely 
used than any other absorbent. Prepared 
by the simple distillation of coke-oven tar, 
the material is indigenous to any coke 
plant. As reference to Table VIII ®^ will 

BsMostart, 6.. Brit. Pat. 499,354 (1939). 

04 See pp. 218-9 of ref. 6. 


TABLE VIII 


Properties of Wash Oils for Benzole Recovery “ 


Absorptive C'apacity 
Concentration of 
Bensene in Liquid 

Vis- Volatility in Equilibrium with 




Distillation 

Sp. Gr. 

cosity 

(loss to gas) 

Bensene Vapor at 


Wash Oil (fresh) 

Range (20V20‘» C) 

20® C 

at 20® C 

6.6 mm Pressure 






grams 

gallons 

grams 

volumes 





Red¬ 

per 

per 

per 100 

per 100 



temperatures 


wood 

cubic 

million 

grams 

volumes 



in“C 


seconds 

meter 

cubic feet solution 

absorbent 

1. 

Naphthalene (in solution) 

(b.p. 218) 

(1.05) 




5.5 


2. 

(a) Tetralin 

205“-207" 

0.976 

30.5 

1.9 

12.2 

5.25 

6.16 


(b) Tetralin (commercial) 

206®-225® 

0.975 

30.5 

1.8 

11.7 

4.9 

5.7 


(c) Tetralin (b) 4-10% by wt. 

206«-225« 

0.9825 

31.0 

1.9 

11.75 

4.95 

5.85 


of naphthalene 








3. 

Nitrobeniene 

211^-212® 

1.206 

28.5 

1.5 

7.75 

3.6 

5.15 

4. 

Creosote, light fraction (free 


0.9535 

30.5 

2.8 

18.3 

4.55 

5.15 


from tar acids) 









light (chlorinated) 

200®-95% at 288® 

0.976 

31.0 

2.15 

13.7 

4.3 . 

5.0 


sulfur-treated (refraction¬ 

220®-95% at 320® 

0.9875 

36.5 

1.8 

11.4 

4.1 

4.8 


ated, tar acids by vol.) 

light (tar acids 17.5%, by vol.) 

200®-95% at 300® 

1.0135 

34.5 

1.9 

11.7 

3.95 

4.75 


medium (tar acids 20% by 

200®-90% at 350® 

1.031 

37.5 

2.0 

12.1 

3.6 

4.35 


vol.) 

blast-furnace (washe<l) 

210®-95% at 340® 

0.935 

40.0 

1.0 

6.7 

3.65 

4.05 

5. 

Aniline 

184®-!85® 

1.0235 

36.0 

2.2 

13.4 

3.4 

4.1 

6. 

Green oil 

250®-90%, at 385® 

1.088 

70.0 

0.45 

2.7 

2.95 

3.75 

7. 

Cresol (mixed isomers) 

197®-206® 

1.039 

65.0 

0.77 

4.6 

2.8 

3.4 

8. 

Shale oil 

226®-95% at 390® 

0.838 

38.0 

0.60 

4.5 

3.05 

3.0 

«. 

Gas oil—light fraction 

214®-95% at 285® 

0.8295 

32.5 

1.7 

13.0 

3.2 

3.1 


(a) 

2l0®-95% at 400® 

0.8635 

40.0 

1.75 

12.5 

2.9 

2.95 


(b) 

260®-95% at 365® 

0.849 

44.5 

0.9 

6.7 

2.8 

2.8 


(a) +12% by wt. of naph¬ 

210®-95% at 400® 

0.8805 

37.0 



3.3 

3.4 


thalene 








10. 

Low-tomperature-tar fraction, 

200®-95% at 345® 

0.981 

52.5 

2.05 

12.9 

3.35 

3.87 


(a) containing phenols 
(39% by vol.) 









(a) free from phenols 

220®-95%; at 357® 

0.962 

41.5 

1.0 

6.7 

3.75 

4.27 


(b) containing phenols (41 % 

206®-96% at 321® 

0.984 

51.5 

1.2 

7.5 

3.55 

4.12 


by vol.) 









(b) free from phenols 

200®-95% at 320® 

0.935 

34.5 

2.9 

19.2 

3.95 

4.37 

11. 

Bergius-tar fraction, contain¬ 

200®-95% at 340® 

0.986 

44.0 

1.2 

7.5 

3.75 

4.37 


ing phenols 
free from phenols 

200®-96% at 805® 

0.946 

32.0 

3.3 

21.6 

4.2 

4.7 
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show, the absorption capacity is consider- creosote oils are, without exception, not 

ably higher than that of typical petroleum used as light-oil absorbents in the United 

oils. Unfortunately this high absorptive States. Occasionally, depending upon the 

capacity is not long maintained since creo- mode of preparation, they may be unsuit- 

sotes tend to thicken very markedly on able for use at gas plants where a send-out 

use, necessitating the installation of some- gas free from naphthalene is required. The 

what elaborate regeneration plants. Be- following are two typical British specifi- 

cause of their comparatively high price, cations: 

Specification of the Department of Explosives Supply “ 

Specific gravity at 60® F 1.010 to 1.030 

Tar acids Immaterial (usually 8 to 9 percent) 

Naphthalene Should deposit none on cooling to 55® F 

Initial boiling point Should not boil below 200® C 

Distillation range Not less than 70 percent or more than 90 percent at 300® C 

Walmbley and Morfey^s Specification 
1.035 

210 to 220® C 
250® C 
300® C 
Traces 

Distillate to 300® C should not settle out more than 7 percent of solids 
at 45® F 

Typical German specifications may be given as follows: 


Specific gravity 
Drip point 

50 percent distillate at 
80 percent distillate at 
Water 

Naphthalene 


Description 
Benzole absorbing-oil 
“80 percent" 
Benzole absorbing-oil 
“90 percent" 
Solvay oil 


Distillation Range Naphthalene Content Water Content 


Max. 10 percent at 200® C Max. 10 percent Max. 1 percent 

Min. 80 percent at 300® C 

Max. 10 percent at 200® C Max. 10 percent Max. 1 percent 

Min. 90 percent at 300® C 

Max. 1 percent at 210® C No precipitate after Max. 1 percent 

Min. 90 percent at 300® C % hour at 0® C 

Distilling as evenly as pos¬ 
sible 210 to 300® C 


Coal-tar wash oils are usually prepared 
by segregation of the appropriate fraction 
during the simple distillation of coal tars, 
with treatment to remove crystallizable 
substances, phenols, and pyridines.®® Other 

66 Whitehead, S. B., Benzoh Van Nostrand & 
Co., New York, 1920, p. 46. 

9flWarnes, A. R., Coal Tar Distillation, Van 
Nostrand & Co., New York, 3rd ed., 1923, pp. 
344, 861. 

97 Jenkner, A., Coal Carbonization, 2, 70 
(1936). 

98 Frey, K., Brennstoff-Chem,, 14» 241-5 

(1933). 


procedures, including the fractional con¬ 
densation of the tar from the hot coke-oven 
gas, have been described.®® 

The absorptive capacity of creosote wash 
oils has been rather thoroughly investigated 
by Niibling®® and others.^®® The absorp- 

seOruhlke, H., Qas- u. Waaserfach, 67, 862-8 
(1924). Nicklin, M. B., Brit. Pat. 230,681 
(1925). Tschebotarev, P. M., Coke and Chem. 
(U.S.S.B,), 6, 46-99 (1935). 

100 The National Benzole Association, Repta. 
Joint Benzole Research Com., 1926, pp. 188-4; 
1928, pp. 117-86. BrUckner, H., and Oruber, H., 
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tive capacity, generally speaking, is a func¬ 
tion of both the distillation range and the 
detailed chemical composition of the tar 
oil. Lowering the average boiling point 
decreases the average molecular weight and 
thereby produces an increase in absorptive 
capacity. Frequently, however, a favor¬ 
able alteration in boiling range is accom¬ 
panied by a detrimental variation in the 
ratio of the various components. The in¬ 
fluence of tar acids and naphthalene is es¬ 
pecially notable. Tar acids in low concen¬ 
trations are presumably unassociated; in 
appreciable concentrations considerable as¬ 
sociation seems to existAs a result, the 
presence of either low- or high-boiling tar 
acids is definitely undesirable.^® The de- 
phenolization of wash oils by countercur¬ 
rent treatment with alkali in a packed col¬ 
umn has been described The cost of 
completely removing phenols from creo¬ 
sotes is usually sufficiently high to negate 
any economies due to the resultant in¬ 
creased absorptive capacity. With respect 
to naphthalene, Hoffert and Claxton 
found that: (1) naphthalene in solution in 
most wash oils behaves normally and has 
an absorptive capacity of 5.5; (2) the ad¬ 
dition of naphthalene to an oil of low ab¬ 
sorptive capacity causes an appreciable in¬ 
crease in the absorptive capacity; (3) the 
effect of the addition of naphthalene be¬ 
comes less, the nearer the absorptive ca¬ 
pacity of the oil approaches 5.5; and (4) 
if the absorptive capacity and the naph¬ 
thalene content of an oil are known, it is 
possible to calculate, approximately, the 

Oaa- u. Waaaerfach, 77, 897-901 (1934). Koep- 
pel, C., ibid., 83, 73-9 (1940). MttUer, F., 
Froude, F., and Kaunert, P., ihid., 83, 521-7 
(1940). 

101 Hewitt, J. T., and Wlnmill, T. F., J. Chem. 
8oc., 91, 441-8 (1907). Philip, J. C., and Clark, 
C. H. D., ihid., 127. 1274-7 (1925). 

i02Mezger, K., GlUokauf, 01, 122 (1925). 

103 The National Benzole ABBociation, Rept. 
Joint Benzole Reaearch Com., 1928, 151, 163. 


absorptive capacity of the oil with any 
other naphthalene content. 

The addition- of naphthalene to a coal- 
tar wash oil will, in general, increase the 
density and decrease the viscosity. Me¬ 
chanical difficulties are experienced in the 
separation of water,and the use of high- 
naphthalene wash (hIs usually entails spe¬ 
cial plant design.®^' 

Unquestionably the most important phe¬ 
nomenon associated with the use of creo¬ 
sotes as light-oil absorbents is the great in¬ 
crease in viscosity that occurs during use, 
necessitating frequent regeneration. Unlike 
gas oils, little mechanical difficulty is ex¬ 
perienced through the deposition of insolu¬ 
ble sludges. The mechanism of the thick¬ 
ening process is not definitely established, 
and many differences of opinion exist. 
Hoffert and Claxton have summarized 
the suggestions of various investigators: 

1. Removal of the lower-boiling constitu¬ 
ents in the debenzolizing still.^o^ 

2. Accumulation of solid and resinous ma¬ 
terial from the tar fog that passes through 
to the benzole scrubbcTS.’^^®- 

3. Interaction of impurities in the gas with 
constituents of the oil to give’ polymerized 
high-boiling compounds: (a) action of oxygen 
on certain constituents of the oil, particularly 
phenols; ^^ 2 , iia, 114 , 115 , ne (^) action of 

104 GoldHChmidt, F., Oaa- u. Waaaerfach, 73, 
C36-7 (1930). 

105 Still, C., Brit. Puts. 293,702, 300,964 

(1927). 

106 See p. 253 of ref. 6. 

107 R. A. R., Gaa World, 95, Coking Sect., 
116-37 (1931). 

108 Thau, A., Gaa- u. Waaaerfach, 67, 103-5 
(1924). 

100 Nesterov, N. P., Coke and Chem. (U.S. 
8.R.), 1936, 46-50. 

110 Gerhard, Gaa- u. Waaaerfach, 66, 189-91 
(1923). Stumpf, K., ihid., 67, 515-8 (1924). 

111 Schulte, F., Giuckauf, 71, 653-7 (1935). 

112 Bordo, J. A., and MUhlendyck, W., JSrenn- 
atoff-Chem., 14, 107-12 (1933). 

113 Bardagov, I. T., and Dal, V. I., Chimie d 
induatrie, 40, 1081 (1938). 

114 Kiemstedt, H., Brennatoff-Chem., 6, 185-8, 
201-5 (1925). 
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hydrogen sulfide and of sulfur on the un¬ 
saturated constituents of the oil; iis, 

116 ,117 (c) action of sulfuric and sulfonic 
acids (formed by the oxidation of hydrogen 
sulfide), on the unsaturated constituents of 
the oil; 108.118 (rf) NHa, NO, HCl, HCN, 
C 2 N 2 , and CO 2 may be added to the above 
tabulation 108- 112 . ii4 

4. Cracking and polymerization. 

The resinous substances, whatever their 
source, are characterized by almost com¬ 
plete solubility in the wash oil. The most 
satisfactory methods of regenerating spent 
creosotes involve some type of distillation. 
Discoiitinuously, the wash oil in the system 
may be completely replaced with fresh ma¬ 
terial, the spent absorbent being worked 
up in batch stills. More economic is the 
continuous withdrawal of 2 to 4 percent of 
the hot debenzolized oil, the purification 
being carried out by a continuous distilla¬ 
tion in small gas-fired equipment.Two 
stills are generally used; in some applica¬ 
tions regeneration is combined with the 
manufacture of wash oil.^^o Hydrogen sul¬ 
fide is usually liberated during regeneration 
and may form a fire hazard through the 
formation of ferrous sulfide; it has been 
projiosed to add, before regeneration, sub¬ 
stances which split off sulfur dioxide, for 
example, the resinous oils derived from the 
regeneration of acid sludges of light-oil 
washing.^'^^ 

Among other schemes of regeneration 
may be mentioned mild cracking in the 

115 Winter, H., and Free, G., Oluckauf, 70, 
1028-31 (1934). 

ii6Demann, W., and Brosse, W., Tech. Mitt. 
Krupp, 4, 9-16 (1936). 

117 Oflfe, G., Gan u Wattnerfach. 60, 394-6 
(192.3), 07, 67-9 (1924). OH, 136 7 (1925). 

118 Kattwinkel, R., ihtd., 07, 474-5 (1924), 
68, 323-4 (1925). 

119 Holmes, W. C., & Co. Ltd., Brit Pat. 393,- 
041 (1933). Clayton Son & Co., Ltd., Brit. Pat. 
419.545 (1934). Green, W., Qas World, 107, 
CokliiK Sect., 96-9 (1937). 

120 Larke, R. H., Oaa World, 112, 132-4 
(1940). 

121 Schmidt, H., Ger. Pat. 524,562 (1931). 


presence of a cracking catalyst,^22 hydro¬ 
genation of a continuously withdrawn por¬ 
tion,^ 23 washing with hot water, ^24 vacuum 

distillation,®^ and the addition of heavy 
boiling phenols.^^® 

MISCELLANEOUS TAR OILS. Suitable wash 
oils can be prepared by distillation of lig¬ 
nite tars, and such materials have found 
considerable use in Germany. Lignite tar 
oils are paraffinoid and possess properties 
approximating those of petroleum wash 
oils, for example, freedom from naphtha¬ 
lene and a tendency to precipitate resinous 
sludge.^As would be expected, lignite 
tar oils have a lower absorptive capacity 
for light oils and naphthalene.^^®* ^27 They 
have been successfully used in the recovery 
of low-temperature light oils.^^® The mo¬ 
lecular weight of an oil distilling 10 percent 
at 260“ C, 90 percent at 340“ C, will be not 
far from 2(X). 

Low-temperature tar oils have been sug¬ 
gested as absorbents for coke-oven light 
oil.^2® Iloffert and Claxton found that the 
absorptive capacities of the low-tempera¬ 
ture tar distillates and Bergius-tar distil¬ 
late were approximately the same as those 
of the corresponding distillates, with and 
without removal of phenols, obtained from 
high-temperature tars (creosotes) of similar 
distillation range. Low-temperature tar 
oils were somewhat less stable during use 

122 Coiicordla-Bergbau A.-G., Ger. Pat. 677,019 
(19.39). 

123 Vereiulgte Stahlwerke A.-G., Ger. Pat. 624,- 
321 (1936). 

124 Still, C., Ger Pat. 622,370 (1935). 

125 Kohle- und Eisenforschung G.m.b.H., Ger. 
Pat. 640,340 (1936). 

126 See Niibling and Engler in ref. 80. Jacob- 
Hohn, F., Tier u. Bitumen, 27, 617-20 (1929). 

>27 See Stumpf in ref. 110. Tliau, A., Oldckauf, 
01, 117-26 (1925). Trutnovsky, H., Teer u. 
Bitumen, 27, 477-80 (1929). 

i 28 Mttller, F., Ga«- u. Waaaerfach, 68, 393 
(1925). 

1291 . G. ParbeninduBtrle A.-G., U. S. Pat 
1,818,158 (1931). 
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than the corresponding high-temperature 
oils.^*® 

Although never available in large quan¬ 
tities, blast-furnace creosotes have found 
use as light-oil absorbents. The absorptive 
capacity of a washed blast-furnace creosote 
is about the same as that of a coal-tar 
creosote of similar distillation range and 
tar acid and naphthalene content.^®^ Blast¬ 
furnace creosotes are characterized by pro¬ 
portionately high viscosities compared with 
ordinary tar-oil absorbents. Whittaker 
discussed the preparation and use of this 
material. 

Among tar oils may be included ^^green 
oil” or strained anthracene oil. This ab¬ 
sorbent is prepared by chilling heavy oil 
and removing the crude anthracene. It 
was used during World War I; its sub¬ 
sequent use by some operators is based 
upon considerations of its high distillation 
range (and hence low volatility), high spe¬ 
cific gravity, and freedom from naphtha¬ 
lene. Among disadvantages are a low ab¬ 
sorptive capacity and the possibility of 
anthracene blockages, which are extremely 
difficult to remove because of the high 
melting point of the principal constitu- 
ents.i®* 

MISCELLANEOUS WASH OILS. During 
World War I, it was discovered that cresol 
was an excellent absorbent for alcohol and 
ether vapors, and this utilization was pat¬ 
ented by Daniel and Bregeat.^®® Claims 
were soon set forth for light-oil re- 

130 The NflHonal Benzole ARRociation, Kept. 
Joint Benzole Research Com., 1929, 86. 

131 The National Benzole Association, ibid., 
1928, p. 124. 

182 Whittaker, F. D., Qas World, 78, Coking 
Sect., 61-4 (1923). 

188 Pooler, H., J. Gas Lighting, 188, 689-90 
(1916). 

184 Curry, J., Gaa World, 106, Coking Sect., 
39-44 (1937). 

135 Daniel, A., and Br4geat, J. H., Fr. Pat. 
502,957 (1916) ; Brit. Pat. 128,640 (1916). 

i86Grebel, A., Gdnie civil, 75, 440-62 (1919). 


covery using this absorbent medium; a 
large-scale application was made in 1924 
at the Northampton works of the Bethle¬ 
hem Steel Corporation but, significantly, 
was operated for only a short time.^®® Sub¬ 
sequent work has shown that although 
cresol has a high absorptive capacity for 
oxygen-containing compounds such as al¬ 
cohol, ether, and acetone its behavior with 
aromatic hydrocarbons is quite different 
and compares somewhat unfavorably with 
gas oils and creosotes.'^®* Cresol and 
cresols possess many disadvantages as light- 
oil absorbents, particularly their high cost, 
ease of resinification, high viscosities and 
specific heats, relatively high solubility in 
water, and high volatility. The last fac¬ 
tor makes necessary some procedure to 
recover cresol vapors from the debenzolized 

g^S 180, 140 

The suggestion that tetralin, tetrahydro- 
naphthalene, be used as a light-oil absorb¬ 
ent is also due to Bregeat.^^^ It is gener¬ 
ally agreed that tetralin has a greater ab¬ 
sorptive capacity for aromatic hydrocar¬ 
bons than any other suggested wash oil.^^- 
Its high cost makes its use prohibitive in 
America, since, because of a relatively high 

187 WelBsenbergcr, G., Gaa- u. Wasaerfaoh, 68, 
33-4 (1922). 

138 Porter, H. C., Coal Carbonization, Chemi¬ 
cal Catalog Co., New York, 1924, p. 309. 

139 Berl, E., and Schwebel, W., Z. angew. 
Chem., 85, 189-92 (1922). Weissenberger, G., 
et al., Kunatatoffe, 14, 33-5 (1924) ; Monatah., 
45, 187-206, 281-6 (1924). The National Ben¬ 
zole AHHOCiation, Kept. Joint Benzole Research 
Com., 1926, 188. 

140 Kunge, W., and Curtis, H. A., U. S. Pat. 
1,349,128 (1922). Br4geat Corp., U. S. Pat. 
1,513,152 (1924). 

i4iBr6geat Corp., U. S. Pat. 1,613,153 (1924). 

142 Weissenberger, G., et al., Petroleum Z. 20, 
1817-25 (1924) ; Z. angew. Chem., 38. 859-62, 
626-9, 1161-4 (1925); Gliiokauf, 61, 426-30 
(1925) ; Gaa- u. Wasaerfaoh, 69, 493-6, 628-31, 
549-54 (1926) ; Monatah., 45, 449-55 (1924). 
The National Benzole Association, Kept. Joint 
Benzole Research Com., 1926, 122, 139, 1928, 
110, 130, 147, 169. 
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vapor pressure/** appreciable quantities 
are lost to the gas. Tetralin has found 
some use as a solvent for naphthalene in 
distribution systems for manufactured 
gas.^** 

The resin oil obtained from the dry dis¬ 
tillation of the resins of light-oil refining 
has been patented ^** as an absorbent me¬ 
dium. The suitability of similar oils has 
been discussed by Kattwinkel.^** 

The Wash-Oil Process for Recovery op 
Light Oil 

THE SCRUBBER 

Light-oil scrubbers can be divided into 
three main classifications: (1) tower scrub¬ 
bers; (2) static washers, consisting of a 
horizontal assembly of four to eight scrub¬ 
bing chambers, usually filled with a pack¬ 
ing material which may be lathe turnings, 
expanded metal, brushes, porcelain rings, 
Berl saddles, etc.; and (3) mechanical 
washers, horizontal or vertical, and charac¬ 
terized by being provided with some me¬ 
chanical means, such as revolving elements, 
for distributing the oil and continually 
bringing it into contact with the gas. 
There are a vast number of designs for 
static and mechanical gas scrubbers. Sig¬ 
nificantly, they have found application 
only at small installations, particularly at 
gasworks. Their only advantages seem to 
be a very low back pressure and, because 
of the relatively small height, the possi¬ 
bility of conveniently housing the appa¬ 
ratus in a building. The last consideration 
may be important at installations in hot 

143 PlattI, L., Z. angew. Chem., 42, 1035-6 
(1929). Linder, B. G., J. Phys. Chem., 35, 
531-5 (1931). Gardner, G. S., and Brewer, J. 
E., Ind. Eng. Chem., 20, 179-81 (1937). 

144 Shea, M. E., Am. Ga% J., 148, No. 4, 31-4, 
53 (1938). 

145 Concordia-Bergbau A.-G., Ger. Pat. 629,995 
(1936). 

140 Kattwinkel, R., Brennatoff-Ohem., 4, 377-8 
(1923). 


climates. The countercurrent principle is 
usually violated to a greater or lesser ex¬ 
tent; consequently, recovery efficiencies 
are low. The following descriptions are 
chiefly from Hoffert and Claxton.® 

Tower Scrubbers. Most of the light oil 
now recovered, both in domestic and for¬ 
eign practice, is removed from the gas in 
some sort of tower scrubber. In essentials, 
the tower consists of a tall cylindrical shell 
of steel, filled with a packing material and 
provided with suitable gas and oil inlet and 
outlet connections. Scrubbing towers are 
usually about six times as high as wide, and 
two or three units, with the gas flow in 
series, may be used. In modern practice, 
by employing effective packing, the num¬ 
ber of scrubbers can be usually reduced to 
one or at most not more than two. 

Although many types of packing have 
been described, such as coke, brushwood, 
earthenware pipes, Raschig, Lessing, and 
Prym rings, Berl saddle, Bregeat spirals, 
Foster and Jarvis baffles,^*^ and expanded 
metal bundles,^** in American practice the 
packing is usually either wooden hurdles or 
steel turnings. Wooden hurdles are fabri¬ 
cated of narrow boards, perhaps 6 inches 
wide by % inch thick. The boards are as¬ 
sembled with the flat faces parallel, con¬ 
tiguous boards being separated by '•/^-inch 
spacers and the whole being held together 
with long bolts. The general effect is to 
produce a wooden grating providing a 
great many slots for the simultaneous pas¬ 
sage of oil and gas. The length of the slots 
is equal to the length of the boards; the 
depth is equal to the width of the boards; 
the width depends upon the space between 
them. The circular hurdles so made are 
stacked in tiers on supports fixed to the 

147 Burrell, G. A., The Recovery of OaaoUne 
from Natural Qua, Chemical Catalog Co., New 
York, 1925, pp. 209-11. 

i48Reichard, F., Oaa- u. Waaaerfach, 80, 88- 
43 (1937). 
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wall of the tower, the supports being 8 to 
12 feet apart. There should be a definite 
gap between successive hurdles, since, if 
they are laid in direct contact, it is possible 
to have only about half the surface wetted. 
Frequently, the filling is so arranged that 
the boards in alternate tiers are at ap¬ 
proximately 45® 1o each other. The lower, 
dripping edge of the boards is often ser¬ 
rated to provide some means of dividing 
the descending oil sheet into a large num¬ 
ber of smaller streams. The material of 
construction is ordinarily redwood, white 
pine, or spruce. Wooden hurdle packing is 
usually designed to be readily removable 
for cleaning operations. Prolonged steam¬ 
ing in situ is not advisable. 

Wooden hurdles possess the advantage of 
ready fabrication, easy repair, and a very 
low gas pressure drop. Unfortunately, the 
functional efficiency of hurdles as a pack¬ 
ing material is low, and it is difficult to 
prevent extensive wall effects. A height 
per theoretical unit, HTU, of ‘20 feet is the 
best that is commonly realized under ordi¬ 
nary conditions. 

A much more satisfactory solution to the 
problem is obtained through the use of 
steel lathe turnings. HTU's of about 10 
feet can be readily attained in towers of 
4 -foot diameter or more, with correspond¬ 
ing gas velocities of 2.5 to 3.0 feet per sec¬ 
ond. The turnings, necessarily well sorted 
and cleaned, are supported on metal grat¬ 
ings (subway type), it being the usual prac¬ 
tice to provide a separate support for each 
10 feet of material. Such a packing, once 
in place, has a long life and can be sub¬ 
jected to very severe cleaning techniques. 
Turnings exhibit an excellent distribution 
of the wash oil, and channeling is but very 
rarely encountered. 

The liquid absorbent is usually intro¬ 
duced through a large number of nozzles 
installed in the top of the scrubber. Fre¬ 


quently, the nozzles are provided with a 
plate on which the oil jet impinges. Al¬ 
though much ingenuity has been expended 
in the invention of oil-nozzle devices,^*® it 
is preferable to employ some simple design 
incorporating provision for easy rodding 
and cleaning. Multiple-type nozzle designs 
are much used in American practice; a 
single central nozzle device due to Otto is 
popular abroad. In this apparatus a single 
large nozzle is supported directly above an 
arrangement of four or more coaxial, trun¬ 
cated, hollow cones of uniformly decreasing 
size. The highest cone throws part of the 
oil to the outside of the top of the packing 
surface while the rest of the oil passes, 
through a central opening, to the next and 
smaller cone. Here the process is repeated, 
the portion of the i)acking being irrigated 
lying again somewhat closer to the center 
line. The cones and openings require care¬ 
ful machining and setting for satisfactory 
operation. 

Channeling in packed towers may be re¬ 
duced by attaching inclined baffles at in¬ 
tervals to the walls or by arranging special 
lenticular plates within the packing so that 
the down-flowing liquid is directed from the 
sides toward the center.^'*’^ 

It is ordinarily convenient to include, in 
the base of the scrubber (utilizing the same 
shell), a benzolized oil storage tank of suf¬ 
ficient size to take up any irregularities in 
the rate of flow of oil through the debenzo- 
lizing still. In a similar utilization of the 
main shell structure a portion of the top of 
the tower is left empty to permit detrain- 
ment of oil from the gas. Although this 
scheme is usually adequate, it may some¬ 
times be desirable to install an oil sepa- 

149 still, C., Ger. Pat. 329,118 (1920). Kuhn, 
A., U. S. Pat. 1,602,673 (1924). Chsar, W., 
Gluckauf, 01, 613-7 (1925). 

100 Chem. Fabr. Curtius A.-G., Brit. Pat. 431,- 
788 (1934). 
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rator in the gas line leaving the light-oil 
scrubbers. 

The effectiveness bf tower scrubbers dur¬ 
ing use will gradually decrease with time 
owing to the formation of a deposit on the 
packing; the deposit being caused primarily 
by the accumulation of high-boiling coal- 
tar derivatives, altered, presumably, by oxi¬ 
dation and polymerization.^®^ Cleaning may 
be facilitated by the circulation of hot alka¬ 
line solutions, unwashed solvent naphtha, 
tar and tar fractions, emulsions of solvent 
naphtha, naphthenic acids, and water,^®® 
hot wash oil, and by simple steaming. 

Bvbble-cap column towers have the ad¬ 
vantage of providing a positive intimate 
contact between gas and oil; the chief dis¬ 
advantages are the high cost, large entrain¬ 
ment, and excessive back-pressure.^®^ Bub¬ 
ble-cap columns have been used effectively 
at pressures of 5 to 8 atmospheres.^®® The 
scrubbing of gas at high pressiires resiilts 
in a small, compact absorber design but is 
usually employed only where compression 
of the gas is required for other purposes. 

Tower scrubbers should be operated in 
a truly countercurrent manner. Recircula¬ 
tion of oil is inevitably accompanied by a 
loss of efficiency and is completely inde¬ 
fensible, except for deliberate partial recov¬ 
ery where the low wash-oil rate would not 
serve to irrigate the packing properly.^®® 
In modern tower scrubber design the lat¬ 
ter contingency is encountered only in 
washing for naphthalene and gum formers. 
The use of recirculation can frequently be 
traced to an inadequate comprehension of 

151 See Pannertz, F., in ref. 80. 

162 Wyseliall, J. M., and Empson, G. L., Oas 
World, 81, 78-9 (1924). 

153 Brodovich, A. I., and Faingold, S. G., 
Chimie & induatrie, 41, 466 (1938) ; Coke and 
Chem. [U.8.8.R.), 8, No. 6, 33-4 (1938). 

164 Adam, W. G., and Anderson, G. W., Gaa 
World, 105, 6-10 (1936). 

i66Demann, W., OlUckauf, 73, 593-605 (1937). 

i66Barritt, R. J., Gaa World, 115, Coking 
Sect, 10-1 (1941). 
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the basic principles of gas washing. Recir¬ 
culation in the debenzolizing system, with 
a view to the reduction of deposits, has 
been patented.^®^ When great freedom 
from naphthalene is desired, or when a 
scrubbing action more intensive than that 
obtained by large oil-to-gas ratios and the 
use of a practical degree of debenzolization 
is required, gas washing with debenzolized 
oil may be supplemented by a final treat¬ 
ment with a small quantity of fresh wash 
oil.i®8 

STATIC WASHERS 

The Livesey washer, a World War I ex¬ 
pedient, consisted of a double trough, the 
lower section being perforated and the 
upper serving as a gas offtake. The gas 
entered the washer at the bottom, was dis¬ 
persed by passing through the perforations, 
and then bubbled through the oil. This 
apparatus was unique in the combination, 
in one design, of most of the undesirable 
features possible in a gas-washing device. 

The “Stator’^ washer (Newton Chambers 
& Co. [British]) shown in Fig. 11 

consists of a cast-iron or mild-steel box 
through which the gas passes longitudinally. 
The box is divided into a series of compart¬ 
ments at right angles to the path of the gas. 
These compartments are filled with Raschig 
rings, or any impervious packing that gives 
the maximum surface per unit volume and 
the least back-pressure. At the base of each 
compartment is a trough for collecting the 
wash oil. Between each pair of such troughs 
is an interconnecting trough, from which the 
liquid is pumped and distributed evenly at 
the top of the next compartment. • • • Aper¬ 
tures are arranged in the divisions between 
the troughs at the base of each washing com¬ 
partment and the adjacent interconnecting 
troughs, so that some of the liquid from each 
washing trough flows backward into the pre¬ 
ceding interconnecting trough, and some for¬ 
ward into the succeeding interconnecting 
trough. Portions of the liquid are thus re- 

157 Wilton, T. O., and Mann, H. C., Brit. Pat. 
499,332 (1937). 

168 Becker, J., U. S. Pat. 1,760,335 (1930). 
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Gas Inlet 


OtI Outlet ^ 

Fig. 11. “Stator” washer of Newton Chambers and Company.® 



Gas Outlet 


Oil Inlet 


circulated in the apparatus, thereby increas¬ 
ing its effieiencyi and bypassing of the liquid 
IS eliminated. • • • For a gas make of 3,000,- 
000 cubic feet per day the makers supply a 
washer approximately 18 feet long, 4 feet 
wide, and 8 feet high.® 

The Wilton’s double-bay gas scrubber 
shown in Fig. 12 consists essentially of a 
compact series of tower scrubbers, the oil 
and gas flow within each tower being con¬ 


current, although the overall arrangement 
of the towers is countercurrent. Eight 
compartments are used. “Each compart¬ 
ment has both a down-take and an up-take 
for gas, the former being fitted with a spe¬ 
cial spiral filling consisting of tubes con¬ 
taining twisted metal strips. The up-take 
prevents entrainment of oil from one bay 
to the next. Each bay is provided with its 



Fig. 12. Wilton’s double-bay gas scrubber.® 
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own pump for circulating the oil up to the 
spray and down through the filling to the 
well again. The oil from one bay over¬ 
flows internally to the next bay.” In con¬ 
trast to the conditions in a tower scrubber, 
the leanest gas does not come in contact 
with freshly debenzolized oil. Wearing has 
stated^® that multibay washers are desir¬ 
able where it may be frequently advisable 
to change to partial scrubbing for naphtha¬ 
lene alone. This advantage seems to be 
somewhat dubious; Powell has described 
the successful use of packed towers for the 
removal of naphthalene and gum formers. 

Similar multibay washers are manufac¬ 
tured by Holmes,^®® Simon-Carves, and H. 
Hoppers.^®® C. Otto and Company i®®* 
constructs a multibay washer with the 
stages placed one above the other; the ex¬ 
ternal appearance counterfeits that of a 
tower washer. Each stage is packed with 
specially formed metal 'Tntos” hurdles. 

MECHANICAL WASHERS 

Incorporation of some form of motor- 
driven moving element designed to bring 
about an intimate contact between oil and 
gas characterizes mechanical washers, which 
may be readily classified into vertical, hori¬ 
zontal, and centrifugal types. 

In the ^Triumph” vertical washer-scrub¬ 
ber (Fig. 13), the apparatus is divided into 
six or more vertically superimposed cham¬ 
bers. 

In each chamber, the packing material, con¬ 
sisting of small thin rings, is carried on an 
cxpandcd-metal tray, below which is fitted an 
oil-collecting tray on the underside of which 
is a series of projections. The washer is 
fitted with a central vertical shaft, on which 
is mounted in each chamber a circulator, 

159 Powell, A. R., Proc. Am. Qaa Assoc., 1085, 
699. 

180 Holmes, W. C., and Co., Brit. Pat. 331,818 
(1929). 

161 Berthelot, C., Prv. mit., 85, 439-47, 509- 
22 (1938). 
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which picks up oil from the collecting tray 
and causes it to impinge upon the projections 
on the collecting trays immediately above, 
thus ensuring a uniform distribution of the 
oil over the whole area of the packing ma¬ 
terial. The gas in the scrubber is also effec¬ 
tively washed by spray in the free space 
above the packing. The oil in each chamber 
is circulated continuously through the scrub¬ 
bing-medium, and the rate of oil flow through 
the washer is regulated by the feed to the top 
chamber, the oil overflowing from tray to 
tray.® 

The rotary washer of Martini-Huneke ^®®. 
is of this type. 

In the Holmes horizontal rotary washer 
(Fig. 14) 

there is an outer cast-iron cylindrical casing 
varying from 8 to 12 feet in diameter ac¬ 
cording to capacity. It is divided into a 
number of compartments through which 
passes a horizontal shaft to which are at¬ 
tached double circular brushes occupying the 
whole width of a chamber. This flexible 
brush-filling is the chief feature of the Holmes 
washer. The lower part of each compart¬ 
ment contains wash oil, through which the 
whole of the brush passes at each revolution 
of the main shaft. The debenzolized oil is 
admitted at the gas-outlet end and overflows 
from chamber to chamber, thus passing 
through the washer countenairrent to the gas. 
The saturaU'd oil finally leaves the washer 
at the gas-inlet end. The gas enters the first 
chamber of the washer, and travels through 
both sides of the double brush, from the 
outer circumference inwards to the gas space 
surrounding the shaft and thence into the 
next chamber, and then outwards to the gas 
space situated between the bnish and the 
washer casing. The saturation of the wash 
oil with benzole, thus, becomes higher in 
each successive compartment. Owing to the 
lightness of the brush filling, only two ex¬ 
ternal bearings, one at each end of a unit, are 
required to support the main shaft.® 

The rotary scrubbers built by various 
English and continental manufacturers 
vary but little from the above, differing 
chiefly in the detailed design of the rotated 
packing and in the incorporation of special 
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devices, such as small buckets welded to 
the rotating elements, to provide for a 
more equable distribution of the oil. Ac¬ 
cording to Souders and Brown, rotary 
scrubbers are suitable for the extraction of 
about 70 percent of the light oil in the 
gas.72 

Vertical centrifitgal scrubbers have found 
some aj)plication in light-oil recovery. In 
this type of washer, the gas is scrubbed by 


the Bartlett Hayward Company of Balti¬ 
more. English designs include the Davison- 
Liversedge by W. C. Holmes and Company 
and the ^‘Spiral Standard” by Kirkham, 
Hulett, and Chandler. In the last, the gas 
inlets and outlets to each chamber are ar¬ 
ranged so that the flow of the gas through 
the machine describes a giant helix. The 
oil spray in each chamber is formed by a 
vertically mounted centrifugal pump 



Fio. 14. Hoririontal rotary scrubber of W. C. Holmes and Company.* 


the oil in the form of a fine spray in six 
or more superimposed sections or cham¬ 
bers, through which the gas ascends in 
turn. The spray is produced by suitably 
designed elements attached to a rapidly re¬ 
volving vertical shaft (200 rpm or more). 
Most of the sprayed oil is re-collected; it 
returns to the same well and is again 
thrown outward. A surplus, depending 
upon the oil feed to the system, overflows 
to the next lower tray. The absorption 
process is countercurrent in the main, but 
obviously much recirculation takes place. 

The Feld^®^'’®® washer (Fig. 15), the 
prototype, is manufactured in America by 

ifl2Fuucke, W., aiuckauf, 60, 835-40 (1924). 

lesGluud, W., and Jacobson, D. L., Interna¬ 
tional Handbook oj the By-Product Coke Indus¬ 
try, Chemical Catalog Co., New York, 1932, 879 

pp. 


bounded by a jierforated basket. The tan¬ 
gential oil spray may be caused to flow 
with or against the stream of gas; flowing 
against it produces a somewhat higher 
back-pressure. Oil separators are usually 
mandatory when centrifugal washers are 
used. 

THE DEBENZOLIZING SYSTEM 

In the debenzolizing plant the engineer 
is faced with the problem of separating a 
relatively small amount of light oil from a 
relatively large amount of the absorbing 
medium. This, in both domestic and for¬ 
eign practice, is accompli.sheil through some 
application of fractional distillation. It is 
dasirable, in the initial step, to effect as 
sharp a separation as possible; that is, the 
light oil should contain the minimum ad- 
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, mixture of wash oil and the stripped wash 
oil should retain no significant amount of 
light oil. The complete removal of the 
more volatile constituents is easy; the 
separation becomes increasingly difficult as 



the boiling points of the desired constitu¬ 
ents approach those of the low-boiling con¬ 
stituents of the wash oil. With some liquid 
absorbents of low boiling point it may be 
found that very appreciable loss of the ab¬ 
sorbent to the light oil will occur. It is 
general practice, at recent installations, to 
operate in the primary debenzolizing step 


so that the debenzolized wash oil is rela¬ 
tively free of light oil and to accomplish 
the removal of the '^carryover” wash oil by 
subsequent rectification of the crude light- 
oil product. 

The debenzolization of wash oil by simple 
fractional distillation at atmospheric pres¬ 
sure (without the use of an inert sweeping 
component) has found little application. 
The high temperatures necessary are tech¬ 
nically difficult to obtain without gas-fired 
pipe-stills, which are notoriously expensive 
to maintain and operate. Further, the high 
temperature to which the wash oil must be 
heated results in a rapid degradation of the 
scrubbing medium. Krautwurst has de¬ 
scribed the Pintsch process,^®* operating on 
this principle. Decomposition of the wash 
oil is claimed to be avoided by the use of 
a specially designed gas-fired tube heater. 

A natural extension of fractional distilla¬ 
tion at atmospheric pressure is the intro¬ 
duction of systems operating at reduced 
pressures; in such vacuum debenzolization 
plants, the wash oil need not be heated 
above 140“ C. Most of the installations 
have been confined to continental practice, 
particularly in the period from 1922 to 
1928. There is considerable lack of agree¬ 
ment as to the relative merits and demerits 
of the vacuum debenzolization plant in 
comparison with the straightforward steam 
distillation process. A most significant 
commentary is the reluctance of the oper¬ 
ator of a modern light-oil plant to install 
reduced-pressure debenzolization systems. 
Among other disadvantages one may men¬ 
tion: large initial investment costs, high 
maintenance charges, complexity and diffi¬ 
culty of operation, and the necessity of en¬ 
suring freedom from air leakage. Very ade¬ 
quate descriptions will be found in the 

164 Krautwurst, F., Oaa- u. Waaaerfaoh, 79, 
838-40 (1936). 
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rather abundant literature.^®® The theo¬ 
retical aspects of vacuum debenzolization 
have been discussed by Robinson and Gilli¬ 
land.^®® 

It is readily conceivable that a compro¬ 
mise process involving steam distillation 
under reduced pressure might possess prac¬ 
tical advantages. It would seem that the 
degradation of the scrubbing medium di¬ 
rectly due to heating might be distinctly 
reduced. Installations of this type have 
not yet been introduced into American 
practice. 

The modern light-oil plant utilizes steam 
stripping at substantially atmospheric pres¬ 
sure. The benzolized wash oil, suitably pre¬ 
heated by heat exchange and additional 
steam, is introduced into the top of a 
multiplate bubble-cap column down which 
it flows countercurrent to an ascending 
stream of steam. Leaving the base of the 
column, the debenzolized oil, after separa¬ 
tion of water and cooling, is returned to 
the top of the light-oil scrubbers. The 
vapors leaving the debenzolizing column, 
consisting of light oil, steam, and some 
wash oil, are condensed, cooled, and the 
water separated, the cooled light oil run¬ 
ning to storage. This is the simplest type 
of installation and may be frequently iiiodi- 

i«5 Hartman, A., Ger. Pat. 298,823 (1913). 
Berl, E., and Srhwebel, W., ref. 139. RaschiR, 
P., aa8- u. Waanerfach, 6^ 655-8 (1922) ; Z. 
angrw. Chem., 40, 1089-90 (1927). Neumann, 
11., Gliickauf, ttO, 71-5 (1924). Kelting, M., 
ihid., «0. 17(i-8 (1924). Bahr, H., and Ruhl, G., 
ibid., «1, 574-80 (1925). Illlgenstock, O., Brenn- 
atotf-Chem., 7, 87-9 (1926). Garels, (?o«- it. 
Waaacrfacfi, ttO. 269-72 (1926). Fitz, W., Teer, 
24, 485-9 (1926). Schmalenbach, A., Gliickaufy 
«2, 45-50 (1926). Kattwinkel, R., ibid., 62, 
529-34 (1920). Flcboux, A., Ghimie d indus- 
trie, Spec. No., 292-307, April, 1928. Soc. dea 
(itabl. Bnrbot, Brit. Pat. 381,429 (1932). Krebs, 
O., Teer u. Bitumen, 30, 15-9, 29-33 (1932). 
Ilolllngs, H., Hutchison, W. K., and Griffith, 
R. II., Qaa J., 220, 475 (1937). 

106 Robinson, C. S., and Gilliland, E. R., The 
Elf'menta of Fractional Diatillation, McGraw- 
Hill Book Co., New York, 3rd ed., 1989, 267 pp. 


fled by the interposition of various recti¬ 
fiers in the vapor stream. The function 
of these units is to effect a further elimina¬ 
tion of the wash oil from the crude light 
oil, to prepare a light oil of definite maxi¬ 
mum dry point, etc. The separation of a 
complete light-oil plant into a purification 
plant and a debenzolizing plant is some¬ 
what arbitrary; the purification plant may 
be thought to begin with that apparatus 
wherein an attempt is made to separate 
the benzol-toluol-xylol portion of the light 
oil into two or more fractions. 

Probably no two light-oil-recovery plants 
in existence are identical in thr detailed 
disposition and utilization of apparatus; in 
general, the complexity increases with the 
size of the plant. A generalized description 
typical of modern American practice will 
be given here. Constructed in 1940, the 
plant was designed to handle a wash-oil cir¬ 
culation of 50,000 gallons per hour, the 
auxiliary refining equipment being capable 
of treating 24,000 gallons per day. Figure 
16 presents the flow diagram of the crude 
light-oil system; Fig. 17 is a general view 
of the actual physical installation. 

The benzolized wash oil draining into the 
base of the tower scrubbers is transferred, 
by means of centrifugal pumps, to a 50,000- 
gallon surge tank. From this tank (not 
shown in the flow diagram) the benzolized 
wash oil is pumped, again by means of an 
all-iron, centrifugal, steam-driven pump, to 
the vapor-to-oil heat exchangers, the pre¬ 
heaters, and, finally, the stripping stills. 

In this particular installation, because of 
its size, and other considerations, it was 
desirable to construct two stripping stills 
operating in parallel. As a corollary to 
this design, each still is provided with a 
separate heat-exchange and preheating sys¬ 
tem. 

The vapor-to-oil heat exchangers are of 
the drip type, having a rectangular steel 
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shell, three banks of tubes, and fixed tube 
sheets. The cold benzolized oil enters at 
the bottom of the apparatus, flowing within 
the tubes, and is heated by the mixture of 
steam and light-oil vapors flowing down¬ 
ward in the space around the tubes. The 
temperature conditions in the vapor-to-oil 
heat exchanger are so regulated that a 
major portion of the steam is condensed, 
this steam condensate being accompanied 
by a small amount of '^primary light oil,” 
which is substantially wash oil containing 
only small amounts of light-oil constitu¬ 
ents. The aqueous and oily condensate is 
fed to a gravity separator where an appro¬ 
priate separation is made, the water going 
either to waste or to a contaminated water 
sump for further separation. In small 
plants the “primary light oil” may be re¬ 
turned directly to the benzolized wash oil; 
in this plant the primary light oil is intro¬ 
duced on the appropriate tray of the light- 
oil rectifier. 

In some plants of recent design oil-to-oil 
heat exchangers have been used with con¬ 
siderable success. Occasionally, both vapor- 
to-oil and oil-to-oil apparatus will be found 
in one system. The reluctance to a-ie oil- 
to-oil interchangers may be traced, in part, 
to the difficulty of detecting leakage be¬ 
tween the benzolized oil stream and the 
debenzolized oil stream and to the difficulty 
of cleaning the heating surfaces. An oil-to- 
oil heat exchanger is mandatory if the de- 
benzolization step is carried out at high 
temperatures. 

It is important to note that, in the flow 
diagram illustrated, the vapor-to-oil heat 
exchange has a dual function. One pur¬ 
pose, of eourise, is to recover heat that 
would otherwise be lost; the other is to act 
as a partial condenser and thereby par¬ 
tially dehydrate the vapors leaving the 
wash-oil still. The control of the tempera¬ 
ture of the vapors leaving the vapor-to-oil 
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Fig, 17. Modern liRlit-oil-recovery and semi-continuous refining plant. 


exchanger is somewhat critical ami is occa¬ 
sionally effected by bypassing some of the 
oil around the exchanger. 

Since complete heat interchange can 
never be obtained, the benzolized oil, after 
leaving the vapor-to-oil heat exchanger, 
enters a final heater, where, in this instal¬ 
lation, its temperature is raised to approxi¬ 
mately 120° C. Final heaters are usually 
of the shell-and-tube type, with oil flowing 
through the tubes, and with the steam, or 
other heating medium, on the shell side. 
Since some distillation will occur in tlie 
final heater the wash-oil outlet is usually 


made somewhat larger than the wash-oil 
inlet. The final heaters, vapor-to-oil inter¬ 
changers, and the hot oil and vapor piping 
are ordinarily effectively insulated. 

The hot benzolized oil now enters the 
top, or near the top, of the stripping col¬ 
umn, whence it flows downward counter- 
current to upflowing steam. At this instal¬ 
lation, there are two identical wash-oil 
stills, each essentially a cylindrical shell 8 
feet in diameter and 45 feet high, the in¬ 
terior being fitted in the conventional man¬ 
ner with a plurality of bubble-cap trays. 
In modern practice, columns of this size are 
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usually of all-welded sheet-steel construc¬ 
tion, the shell and tray plates being of %- 
inch material. Each tray is fitted with 60 
to 100 cast-iron Sterling bubble caps and is 
provided with inlet and outlet weirs and 
suitable means for conveying liquid from 
each tray to the tray below. It is conven¬ 
tional to introduce the hot oil not on the 
top tray but on a suitably chosen lower 
tray, the upper dry trays effectively pre¬ 
venting any entrainment of oil. Much of 
the operating efficiency of wash-oil strip¬ 
ping columns depends upon the skill of the 
erecting engineer: it is quite essential that 
all the bubble caps on each tray be at the 
same height and that the trays be precisely 
level. The base of the still is left empty to 
serve as a hot-oil drain tank. The hot de- 
benzolized oil from the last tray flows to 
the still compartment, essentially a small 
reservoir, and from there to the hot-oil 
drain tank in the base of the still. Both 
the still compartment and the hot-oil drain 
tank are provided with automatic liquid- 
level regulators. 

The wash-oil purifier is of the Stover®® 
design, and all the direct steam entering 
the base of the still first passes through 
the hot oil held in the shell of the purifier. 
The consumption of direct steam is a func¬ 
tion of the degree of debenzolization re¬ 
quired; it is common to use O.G to 0.8 
pound of direct steam per gallon of wash 
oil stripped. 

The hot debenzolized oil in the hot-oil 
drain tank is then pumped through the 
wash-oil coolers to the decanter tank and 
from there to a wash-oil circulating tank. 
From this reservoir the now cold debenzo¬ 
lized oil is again sprayed into the top of 
the light-oil scrubbers, where it begins the 
cycle anew. 

The wash oil can be cooled in many 
ways. The most common American design 
consists of many banks of horizontal runs 


of pipe connected with return bends and 
placed, vertically, one above the other. 
Water from a perforated pipe or from a 
trough is caused to flow on the top run of 
pipe, whence part of it trickles down over 
the whole bank. Frequently, cast sections 
are used, the lower edges of the pipes being 
provided with a drip strip (*'gilled”). In 
such a device the hot oil first enters the 
lowest run of pipe and zigzags to the top, 
the contact between oil and water being 
crudely countercurrent. Some evaporative 
cooling takes place. Recent installations 
show evidence of a tendency away from 
designs fabricated in the field from stand¬ 
ard j)ipe towards the use of apparatus as¬ 
sembled, in multiple units, of devices spe¬ 
cifically designed for the purpose of heat 
exchange by the specialists in the art. 

Thau has described the wash-oil cool¬ 
ing practice of continental designers. In 
addition to the horizontal trough coolers 
described above, use is made of tubular 
coolers, shell-and-tube coolers, box coolers, 
and direct coolers, the last representing a 
distinctly European practice, few examples 
being found in America. Tubular coolers 
consist of a grid of tubes, each tube sur¬ 
rounding a narrower tube or a nest of 
tubes through which water flows. The oil 
flows from the top to the bottom of the 
grid, through the annular space surround¬ 
ing the water tubes, countercurrent to the 
direction of cold-water flow. Shell-and-tube 
coolers are similar, usually consisting of 
only one nest of tubes within a large shell. 
Box coolers, or flat coolers, are constructed 
in the shape of very narrow boxes about 
23 feet long, 5 feet high, and 1.75 feet 
wide. Water passes through tubes placed 
in the boxes, the hot oil flowing approxi¬ 
mately countercurrent in the surrounding 
space. 

In direct coolers the hot oil is brought 

lor Thau, A., GlUohauf, S7, 1166 (1921). 
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into direct contact with cold water. In 
some systems the two fluids are caused to 
flow more or less quietly in countercurrent 
contiguous layers. In other designs inti¬ 
mate mixing is employed; heat transfer is 
then more complete, but there is, unavoid¬ 
ably, a greater tendency towards emulsi¬ 
fication. The satisfactory operation of di¬ 
rect coolers requires careful supervision^®® 
and the use of a low-free-carbon oil, 
preferably predominantly paraffinic and 
having a specific gravity widely different 
from that of water. Many designs have 
been described.^ 

In the stripping tower the hot oil flowing 
downward comes into countercurrent con¬ 
tact with steam vapor blowing upwards. 
The process of stripping can be considered 
simply as the inverse of absorption, and 
Ihe calculations and diagrams differ from 
those of absorption only in that the operat¬ 
ing line lies below the equilibrium curve 
rather than above it. It is obvious that as 
the steam vapors flow upwards their vol¬ 
ume increases, owing to the stripped light 
oil. Hence, the gas-volume flow increases 
progressively \ip the column. It is natu¬ 
rally advantageous to operate with as low a 
pressure and as high a temperature as pos¬ 
sible. In the theoretical case of complete 
stripping, the steam consumption is directly 
l)r()j)ortional to the total pressure and in¬ 
versely proportional to the Henry’s law 

Sohiu'idor, P., Z. Ver. (ins- u. Wassvrfarh., 
«1, lOa-11 (1921). 

i<ii» Buckloy, W. E., Bradley, G. W. ,1., Green¬ 
field, G. J,, and Ruddy, K. H., Gas World, 104, 
Coking Sect., 47-50 (1936). 

170 Ibing, II., Brit. Pat. 176,499 (1920) ; Ger. 
Pat. 395,205 (1924). Jungeblodt, E., Ger. Pat. 
355,990 (1921). Goldschmidt, F., and Ott, A., 
Ger. Put., 383,674 (1921). Otto, C., and Co., 
Ger. PnlK. 368,416 (1921), 479,954 (1925). 

Kuhn, A., Ohem. d Met. Eng., 26, 32 (1922). 
Still, C., Ger. Pats. 382,862, 385,060 (1923), 
453,715 (1927). Werner, T., Gas- u. Wasser- 
Jach, 67, 49-51 (1924). Klemstedt, H., ibid., 67, 
406-7 (1924). 


constant at ‘the operating temperature. 
Further, the steam consumption for total 
stripping is independent of the concentra¬ 
tion of light oil in the benzolized oil; the 
steam necessary for complete stripping is 
simply that computed for the least volatile 
component, just as though the others were 
not present.^The concentration of light 
oil in the wash oil will naturally vary with 
the oil-to-gas ratio, higher ratios producing 
a more dilute solution of light oil in the 
w’ash oil. In partial stripping, the steam 
requirement for stripping will vary, al¬ 
though not directly, with the oil-to-gas 
ratio. The graphical stepwise procedure 
employed for calculation of the absorption 
can also be applied to determine the num¬ 
ber of theoretical stripping trays necessary; 
this value when related to the number of 
actual trays may be used to define the 
plate efficiency of the stripping still. An 
average value of 70 percent is common. 

The mixture of light-oil vapors and steam 
leaving the base of the vapor-to-oil heat 
exchangers enters at the approximate mid¬ 
dle of the light-oil rectifier. The purpose 
of the rectifier is to separate the light oil 
into two fractions, one a secondary light 
oil comprising benzol, toluol, xylol, and bol- 
vent up to any predetermined dry point, 
and the other an intermediate light oil con¬ 
taining heavy solvents, naphthalene and 
wash oil. 

In the installation being described, the 
rectifier is 8 feet in diameter by approxi¬ 
mately 20 feet high, is constructed of %o- 
inch steel plate, and is provided with an 
approximately equal number of stripping 
plates (below the feed) and rectifying 
plates (above the feed). The trays are of 
the bubble-cap type, and, in addition, those 
in the stripping section are fitted with 

171 Walker, W. H., Lewis, W. K., McAdams, 
W. H., and GiUiland, B. R., Principles of Chemi¬ 
cal Engineering, McGraw-Hill Book Co., New 
York, 1937, 749 pp. 
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steam coils, arranged for immersion in the 
liquid on the tray. 

Rectification is brought about by the in¬ 
troduction, on the top tray of the rectify¬ 
ing section, of a reflux stream of secondary 
light oil, the condensed product. The 
amount of reflux is automatically controlled 
by the temperature of the vapors leaving 
the column. The water vapor originally 
present in the feed is usually almost com¬ 
pletely condensed, through direct heat in¬ 
terchange, on the first tray of the rectify¬ 
ing section, and provision is made for 
draining this condensed water to the pri¬ 
mary light-oil separator. The separated 
oil is returned, from this device, to the 
first tray of the stripping section of the 
rectifier. The primary light oil from the 
vapor-to-oil heat exchangers also enters 
this separator and is eventually fed to the 
first stripping tray of the rectifier. As pre¬ 
viously mentioned, other disposition is fre¬ 
quently made of the primary light oil. The 
rate of removal of intermediate light oil 
from the base of the rectifier is automati¬ 
cally controlled by a suitable liquid-level 
regulator. 

The rectified vapors pass to the light-oil 
condenser, usually of the drip type, de¬ 
signed as a rectangular, steel-plate shell 
with several banks of tubes. The flow of 
cooling water and vapors is approximately 
countercurrent, the vapors entering the 
top, the cooling water entering the bot¬ 
tom. The condensed and cooled light oil 
flows to a gravity separator where sub¬ 
stantially complete removal of nondissolved 
water is accomplished. A portion of the 
light oil is diverted to the rectifier as re¬ 
flux; the rest flows to storage tanks, where 
it serves as the process raw material for 
the refining section of the plant. 

The intermediate light oil is accumulated 
and periodically charged to a batch recti¬ 
fying still, where the material is fraction¬ 


ated under a mild vacuum to secondary 
light oil, heavy solvent, naphthalene, and 
wash oil. The secondary light oil and wash 
oil are returned to the appropriate parts 
of the system; .the heavy solvent and naph¬ 
thalene are sold in various crude grades. 
When desired, the same still can be used 
to refractionate the crude solvents and 
naphthalene to closer-boiling cuts of in¬ 
creased value and marketability. The 
crude batch still is provided with the ap¬ 
propriate still tank, condensers, separators, 
receiving tanks, and vacuum pumps. 

Inasmuch as the light-oil rectifier can be 
operated to produce a light oil of any dry 
point, it is readily apparent that the plant 
can be operated to include most of the sty¬ 
rene cut in the intermediate light oil. With 
apparatus of such flexibility the light-oil- 
plant operator is in a position to produce 
materials hitherto not offered to the mar¬ 
ket by the light-oil industry. 

Although the above description may be 
taken as typical of a modern debenzolizing 
plant, it must be recognized that an enor¬ 
mous number of variants exist. The de¬ 
tails of any particular system depend 
largely upon the size and age of the instal¬ 
lation. For example, hot and cold oil de¬ 
canters were once widely used, although 
few examples are now seen. In these de¬ 
vices a spray of water was forced through 
the oil held in a suitable tank. A certain 
amount of muck collected at the oil-water 
interface and was periodically removed. 
This method of maintaining oil quality was 
often made difficult by the formation of 
troublesome emulsions. The hot-oil decan¬ 
ter also acted as a direct cooler. 

In the simplest type of plant, usually no 
attempt is made to rectify the crude light 
oil; such a plant consists of a steam strip¬ 
ping still and little else. The crude light 
oil necessarily contains a large amount of 
wash oil unless the steam stripping is delib- 
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erately ineffective. Usually, in the larger 
plants, some rectification of the crude light 
oil is carried out, and designs differ largely 
only in the extent to which this is done and 
in the type of apparatus employed. Vari¬ 
ous models of dephlegmators and packing- 
filled rectifiers are common in the ohler 
plants. Adequate detailed accounts of 
many of these systems have been given by 
Gluud and by Hoffert and Claxton.® 
Tiddy and Miller ® have described a de- 
benzolizing plant utilizing two continuous 
rectifiers. The vapors from the wash-oil 
still pass directly to a dephlegmator-type 
vapor-to-oil heat exchanger, the hydrocar¬ 
bons condensing here being drained to a 
wash-oil-recovery tank. The vapors leav¬ 
ing the dephlegmator flow 

to the base of the crude residue separating 
column where the vapors are separated into 
two fractions by moans of a light oil reflux 
flow pumped to the top of the crude residue 
separation column [rectifier!, countercurrent 
to the upflow mixture of vapors of light oil 
and water entering the base of the crude 
residue separating column. The higher-boil¬ 
ing constituents, which have condensed, flow 
from the base of the crude residue separating 
column to the residue stripper [second recti¬ 
fier] where they are freed from any light¬ 
boiling fractions and flow from the residue 
stripper to the crude residue storage tank. 
The vapors leaving the crude residue separat¬ 
ing column pass to a light oil condemser 
wherein they are condensed to a liquid state, 
flow to a light oil decanter for separation of 
any water, and overflow from the decanter 
to light oil storage. Part of the light oil 
flowing from the light oil decanters is often 
used for reflux to the crude residue separa¬ 
tion column. 

The vapors from the crude residue stripper 
enter the crude residue separating column 
at a point somewhat above the feed of 
vapors from the dephlegmator heat ex¬ 
changer. The two crude residue columns 
fulfill the same function as the light-oil 
rectifier in the flow diagram first described. 


These authors^ ® presented the following 
table as typical of modern recovery opera¬ 
tions in a light-oil plant. 

Temperature of gas entering 
scrubbers 20-25® C 

Temperature (if wash oil en¬ 
tering scrubbers 22-27® C 

Temperature of wash oil en¬ 
tering stripping still 135® C 

Wash oil circulated per ton of 
coal carbonized 175-200 gallons 

Fresh wash-oil make-up per 
10,000 gallons of wash oil 
circulated 2.5-4.0 gallons 

Light oil recovered per ton of 
coal carbonized 3.0-4.0 gallons 

Enrichment of wash oil leav¬ 
ing scrubber 2.0-2.3 percent 

Steam per gallon of wash oil 
circulated (atmospheric 
pressure operation) 0.50-0.75 pound 

Light-oil recovery from coke- 
oven gas, a\erage yearly 
rate 95 percent 

Occasionally, unusual conditions demand 
novel treatment in the design of a light-oil 
plant. The Koppers Company installed a 
light-oil-recovery plant at an undertaking 
where the existing steam-generating facil¬ 
ities were grossly inadequate for conven¬ 
tional design. The construction of the 
needed boiler capacity would have raised 
the costs to a prohibitive level and vitiated 
the feasibility of the whole project. The 
problem was solved by using gas-heated 
Dow’therm, both as a vapor and as a liquid, 
wherever indirect steam would ordinarily 
be used. The consumption of direct steam 
in the stripping still was reduced to a very 
small quantity by carrying out the deben- 
zolizing step at a temperature of 200° C. 
A hardwood distillate was added to the 
wash oil to prevent deterioration at this 
high temperature. 

Lusby and Utermohle have described an 
interesting application of high-temperature 
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stripping to light-oil recovery at a gas 
plant. Emphasis in design was placed on 
the removal of styrene and indene from 
the gas. The process included the use of a 
hardwood distillate and a clay filter. The 
oil was heated by a direct-fired pipe still.®® 

The Purification Plant 

The presence of benzene in coal tar was 
demonstrated in 1834 through the forma¬ 
tion of aniline by H. W. Hoffman, who did 
not, however, effect any separation of the 
hydrocarbon from the mixture. The first 
refining of light oil, that is, the separation 
of light oil into substantially pure compo¬ 
nents, was carried out on coal-tar light oil 
by Mansfield in 1849.^^® His procedure 
involved washing with a solution of sul¬ 
furic acid, separation of the acid layer fol¬ 
lowed by a water wash, a caustic wash, 
another water wash, and finally a dry dis¬ 
tillation of the washed oil. The procedure 
in modern technology does not differ in any 
significant way. Mansfield effected a final 
purification of his benzol by recrystalliza¬ 
tion; this process is today employed in the 
manufacture of most of the reagent benzol 
in use. 

Modern refining practice is essentially 
confined to a combination of effective frac¬ 
tional distillation and treatment with sul¬ 
furic acid. The order of these operations 
depends upon the equipment of the refinery 
and the demand for particular grades of 
materials. In the recent past it has been 
the custom to subject the total light oil to 
a rigorous treatment with acid, the washed 
material being then separated by fractional 
distillation. A large part of the benzol 
fraction produced in this way was sold as 
motor fuel. Such a refining scheme was 
more or less mandatory since the coexist¬ 
ing motor-fuel specification contained a 

172 Mansfield, C. B., J. Ohem. 8oo., 1, 244-68 
(1849). 


clause defining the maximum tolerable dis¬ 
coloration as produced by the interaction, 
under certain test conditions, of the fin¬ 
ished product with sulfuric acid. The acid¬ 
washing treatment was eminently success¬ 
ful in removing the conjugated diolefins 
and the other gum-forming constituents 
that contribute to the unsuitability of crude 
l)enzol as a motor fuel in internal-combus¬ 
tion engines. Concomitantly, most of the 
nongum-forming unsaturates were unfortu¬ 
nately also removed, these unsaturates be¬ 
ing characterized by high heats of combus¬ 
tion and effective anti-knock ratings. It 
was early recognized that a prime desid¬ 
eratum would be a refining process that 
would remove, or render innocuous, the 
gum-formers, while retaining the bulk of 
the desirable unsaturated hydrocarbons. A 
large number of processes have been devel¬ 
oped to accomplish this end; the inhibitor 
process is most common in American prac¬ 
tice. The advent of milder motor-fuel-re- 
fining techniques saw the introduction of 
more realistic motor-fuel specifications, and 
they now frequently bear some relation to 
the functional properties of the material 
defined. 

As a result of the use of the inhibitor 
process, or similar processes, it is now com¬ 
mon to carry out some physical separation 
of the bulk light oil by fractional distilla¬ 
tion prior to the application of chemical 
techniques such as acid washing. Fre¬ 
quently, a crude forerunnings fraction, a 
crude benzol fraction, a crude toluol-xylol 
fraction, and a crude solvent fraction will 
be obtained; the toluol-xylol cut and as 
much of the benzol as is needed for nitra¬ 
tion material alone may be chemically re¬ 
fined. 

Refining plants can be roughly classified, 
on the basis of the fractionating equip¬ 
ment, as batch plants, semi-continuous 
plants, and continuous plants. Designs in 
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which all the physical separation is carried 
out in batch columns have long been obso¬ 
lescent and require no further elaboration. 
In the semi-continuous .type of plant, the 
light oil is first separated into a few well- 
defined cuts by continuous fractional dis¬ 
tillation in columns of appropriate design. 
The continuous columns are supplemented 
by one or more batch stills in which a 
large variety of special “pure” materials 
may be made. Usually continuous equip¬ 
ment is provided for the separation of 
forerunnings, motor benzol, and a fraction 
containing the toluol, xylol, and solvent 
present in the original material. The tol¬ 
uol-xylol-solvent cut is treated chemically 
and separated into components of the de¬ 
sired specifications by discontinuous distil¬ 
lation in the batch stills. The scmi-con- 
tinuous type of design combines economy 
with flexibility. The last characteristic is 
of significant importance in a market that 
constantly demands materials to new and 
varied specifications. 

The continuous type of design provides 
enough columns so that the major compo¬ 
nents of light oil, particularly forerunnings, 
motor benzol, nitration benzol, toluol, and 
xylol, are separated systematically by con¬ 
tinuous fractional distillation. In sub¬ 
stance, the continuous plant differs from 
the semi-continuous only in the number of 
continuous columns, since even “continu¬ 
ous” plants must be supplemented by at 
least one batch still. The degree of conti¬ 
nuity is merely a matter of definition; it 
would not be practicable to supply a col¬ 
umn for every product that the light-oil- 
plant operator may be asked to prepare. 
In general, a multiplicity of continuous col¬ 
umns is feasible only in very large instal¬ 
lations. 

The proper design of a refining plant 
depends largely upon the size of the in¬ 


stallation, local market opportunities, the 
geographic relation of the plant to other 
refining units in the same organization, and 
the nature of the refining equipment of 
large consumers. It is frequently desirable 
for small wgrks to restrict refining on the 
premises to the production of motor fuel 
that can be sold locally, the rest of the 
light oil being shipped to a large central 
purification plant. 

Although practically all light-oil-refining 
plants are similar variations on the two 
themes of acid washing and fractional dis¬ 
tillation, a large number of detailed differ¬ 
ences are found. In the following, the de¬ 
lineation in the main will be restricted to 
a description of a typical, modern, semi- 
continuous plant and a similarly modern 
continuous system, the discussion being 
centered about Figs. 18 and 19. 

THE SEMI-CONTINUOUS PLANT 

The general layout and flow diagram of 
the fractionating section of a typical semi- 
continuous plant of moderate size (12,000 
gallons of light oil per day) are shown in 
Fig. 18. 

The crude light oil, previously rectified 
to remove most of the heavy ends, enters 
the forerunnings column somewhat below 
the middle. The forerunnings stripper sys¬ 
tem includes the bubble-cap column proper, 
a condenser, water separator, reflux pump, 
flow meters, a reboiler, an automatic base- 
liquid-level control, and suitable temijera- 
ture and pressure controls. 

The function of the forerunnings strip¬ 
per is to effect as complete a separation as 
possible between the forerunnings and the 
balance of the light oil. Ideally, the top 
product consists only of the components of 
the feed that are more volatile than ben¬ 
zene, the bottom product containing all the 
benzene and the less volatile coqstituents. 
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The column is operated under a slight of vapors, the maximum amount of liquid 
constant back-pressure, and the noncon- product obtainable being mainly a function 
densables escape through an automatic of condensing facilities, 
pressure-regulating valve adjusted to main- The boil-up, or rate of boiling, and hence 
tain a desired constant pressure on the con- the rate of reflux return, is automatically 
denser vent. The noncondensables, that is, regulated by a conventional-type tempera- 



Fici. 18. Flow diagram of a srmi-eoiitinuous light-oil-recovory plant. 


the hydrogen sulfide, methyl mercaptan, ture controller, the operating bulb being 

butadiene, butylenes, and other light-boil- placed on a ^‘sensitive” tray m the column, 

ing constituents that remain in the vapor The continuous recording of tray tempera- 

jihase at the condenser conditions of tern- tures at several points between the top and 

peratiire and pressure, are bled continu- bottom of the column is eminently desir¬ 
ously into the fuel-gas main supplying the able. By directing suitable attention to 

ovens. The liquid-phase forerunnings, usu- thermal conditions, the operation of the 

ally in small volume, are continuously column by means of analyses of the prod- 

drawn off through a small manually con- uct can be held to a convenient minimum, 

trolled valve on the reflux pump discharge The installation and operation of con- 
line. It is possible, by appropriate control tinuous columns for the primary purpose 

of reflux condenser temperatures, to return of preparing forerunnings as a product are 

all the forerunnings to the gas in the form not at present economically feasible; fore- 





THE SEMI-CONTINUOUS PLANT 


1201 


runnings columns are justified by their 
beneficial effect on the nature of the motor 
benzol. Modern inhibited (unwashed) mo- 
tor-fuel specifications contain clauses relat¬ 
ing to corrosion and total sulfur content; 
the inclusion of forerunnings in the benzol 
fraction very often results in an unsatis¬ 
factory material. The complete removal of 
hydrogen sulfide and carbon disulfide that 
is possible by the use of modern forerun¬ 
nings columns enables the light-oil-plant 
operator to prepare, without further refin¬ 
ing, an inhibited benzol that will readily 
meet all specifications. The substantially 
complete removal of hydrogen sulfide, car¬ 
bon disulfide, and low-boiling mercaptans 
IS also accompanied by a similarly com- 
Iilete removal of other compounds in the 
same boiling range, for example the highly 
reactive cyclopentadiene and amylenes. 
The presence of these unsaturates is unde¬ 
sirable in motor benzol and is particularly 
undesirable in benzol fractions or crude 
light oils that are to be subsequently re¬ 
fined by acid washing. It has been fairly 
well established that the amount of sulfur 
dioxide (“acidity”) jiroduced in pure prod¬ 
uct distillations is roughly proportional to 
the quantity of cyclopentadiene in the orig¬ 
inal fraction washed.^-’ The improvement 
in the odor and acidity of pure products 
jirepared at plants equipped with forerun- 
nings stripfiers has been noted by several 
authors.-^’ There is usually an im¬ 
provement in the physical properties and 
emulsion-forming tendency of the acid tars. 

In foreign practice, chiefly due to Bar- 
bet the stripping section of the column 
consists of about 12 plates, while the recti¬ 
fying section may contain as many as 25 
to 30 plates considerably smaller in diame¬ 
ter. In domestic practice, the forerunnings 

178 Gillies, A., Oae World, 104, No. 2700, 
Coking Sect., 52-6 (1936). 

174 Soc. des 6tabl. Barbet, Brit. Pat. 441,518 
(1936). 


stripper is usually of the same diameter 
above and below the feed. Welded sheet 
steel is used for the shell and tray plates 
with cast-iron bubble caps bolted to the 
trays. A construction facilitating ready 
cleaning is desirable since gumnly deposits 
tend tp collect on the trays.^^® Adequately 
designed water separators are necessary 
since the presence of two liquid phases on 
the tr^iys may reduce the fractionating effi¬ 
ciency to but a fraction of its original value. 
The effectiveness of both domestic and for¬ 
eign practice may be judged by the fact 
that values less than 0.005 percent have 
been reported for the carbon disulfide con¬ 
centration in the motor-fuel fraction.-^* 
The quantity of benzol in the forerunnings 
is substantially zero; the quantity of fore¬ 
runnings in the bottoms can be held to less 
than 0.05 percent. In most light oils, the 
great bulk of the forerunnings is made up 
of materials boiling below 50® C; there is, 
however, some evidence to indicate the 
presence, in the light oil, of a small frac¬ 
tion boiling between 50 and 80® C. By 
proper manipulation of the column, this 
fraction can be included in the bottoms, 
thereby increasing the motor-benzol yield. 

Forerunnings strippers are a fairly re¬ 
cent addition to light-oil-refining technique, 
and it is not surprising that the successful 
commercial utilization of the product, crude 
forerunnings, has been slow. Most of the 
forerunnings now produced are burned as 
fuel as a constituent of the fuel gas sent 
to the ovens for underfiring. The recovery 
of the carbon disulfide present in forerun¬ 
nings can be accomplished only by chemi¬ 
cal means; the low price of the synthetic 
product has not encouraged the practice. 
Ward has described a process for the re¬ 
covery of cyclopentadiene from crude fore- 

176 Dodd, A., Oaa World, 108, No. 2809, Cok¬ 
ing Sect., 63-72 (1938). 

176 Berthelot, C., O^nie civil, 112, 141-7 
(1938). 



1202 


LIGHT OIL FROM COKE-OVEN GAS 


runnings as the dimer. The process con¬ 
sists of a polymerization step at lOO^'C 
under a pressure sufficient to maintain the 
liquid phase followed by the removal of the 
unpolymerized carbon disulfide, isoprene, 
piperylene, pentenes, pentanes, etc., from 
the high-boiling dicyclopentadiene by frac¬ 
tional distillation. Cyclopentadiene may 
also be recovered in the form of addition 
compounds by treating the forerunnings 
with p-quinone, a-naphthoquinone,^^^ and 
maleic anhydride.^^® Forerunnings may be 
burned for the manufacture of sulfuric 
acid. It is claimed that acid washing for 
thiophene removal is improved in effective¬ 
ness by the prior addition of cyclopentadi- 
ene-bearing materials to light oil.®^ It is 
probable that the coexistent amylenes con¬ 
tribute more weightily to this technically 
useful property of the forerunnings fraction. 

At installations carbonizing low-sulfur 
coals, it is sometimes found that a satis¬ 
factory motor fuel of adequately low sulfur 
content can be prepared by including all 
the forerunnings fraction in the motor fuel. 
Nat\irally, a forerunnings stripper can be 
dispensed with. However, the carbon di¬ 
sulfide content of forerunnings and the 
quantity of the forerunnings are markedly 
affected by changes in coking time and coal 
mixes. A plant with a light oil of marginal 
sulfur content may find motor benzol sulfur 
a problem when the coal mix is varied. 

Reverting to Fig. 18, the bottoms from 
the forerunnings column are fed automati¬ 
cally to the motor-fuel column, the rate of 
feed being regulated by a float-controlled 
valve located in the base of the forerun¬ 
nings column. The motor-fuel system will 
include a continuous multitray bubble-cap 
column, a reboiler, a product condenser, a 

177 I. G. FarbenlnduBtrie A.-G., Fr. Pat. 785,- 
861 (1936). 

178 I. G. Farbenindustrie A.-G., Fr. Pat. 785,- 
852 (1935). 


water separator, reflux and feed pumps, 
flow meters, an automatic base-liquid-level- 
control, an automatic steam-to-reboiler con¬ 
troller, an inhibitor feeding device, storage 
tanks, and miscellaneous suitable instru¬ 
mentation. In construction, the motor-fuel 
column is in most respects quite similar to 
the forerunnings stripper, the only impor¬ 
tant difference being that the trays are 
fewer. 

The feed, substantially a mixture of 
benzene, toluene, and xylene, is pumped 
continuously to the proper point in the 
column, the position of the feed plate de¬ 
pending largely upon the exact analysis of 
the light oil. The overall effect of the frac¬ 
tionation phenomena taking place in the 
column is to separate the feed into two 
portions, the more volatile being removed 
as vapor from the top, the less volatile 
being drained as liquid from the bottom. 
As a simple analogy, the action of a con¬ 
tinuous fractionating column may be taken 
as quite similar to that of a scrubbing or 
washing column. The liquid bottoms in 
the reboiler are continuously transformed 
into a vapor which passes up the column 
where it meets a liquid flowing downward, 
in countercurrent stream, the liquid and 
vapor being in more or less intimate con¬ 
tact with each other, and tending, at any 
point in the column, to be in thermody¬ 
namic equilibrium. The vapor product is 
condensed and a portion returned to the 
column to provide the downward-flowing 
liquid stream or reflux. The function of 
the rectifying section, or that portion above 
the feed, is to remove the remnants of the 
less volatile components from the more 
volatile components in the distillate; the 
function of the lower or stripping section 
is to remove the remnants of the more vola¬ 
tile component from the less volatile com¬ 
ponents leaving the bottom of the column. 
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The effectiveness of the separation pro¬ 
duced by a colunm depends upon a large 
number of factors, among which are: (1) 
the number of actual bubble-cap trays in 
each section; (2) the efficiency of the trays, 
that is, the extent to which the ideal ther¬ 
modynamic equilibrium conditions are real¬ 
ized; (3) the reflux ratio, expressing the 
proportion of product withdrawal to prod¬ 
uct return to the column for scrubbing pur¬ 
poses; (4) the heat losses from the colmnn; 
and (5) the ease of separation of the com¬ 
ponents. The last-mentioned variable de¬ 
pends largely upon the form of the vapor- 
pressure curves of the compounds in the 
mixture to be fractionated. 

Unlike batch distillation, the mathemati¬ 
cal treatment of the physical principles in¬ 
volved in continuous distillation problems 
has been well established. In the applica¬ 
tion to light oils, the calculations are some¬ 
what more complicated than for binary 
mixtures, owing to the additional degree 
of freedom conferred by the addition of 
each component. Lewis and Matheson^^® 
have published a workable method. The 
application of their procedure to a typical 
light-oil-refining problem has been made by 
Robinson and Gilliland.^®® These authors 
considered the rectification of a mixture 
containing 60 mole percent of benzene, 30 
mole percent of toluene, and 10 mole per¬ 
cent of xylene into a product containing 
not over 0.5 mole percent of toluene and a 
residue containing not over 0.5 mole per¬ 
cent of benzene. They found that the re¬ 
quired separation could be effected, using 
a reflux ratio of 2, by the use of 16 theo¬ 
retical plates. For further amplification of 
distillation theory, the reader is referred to 

179 Lewis, W. K., and Matheson, O. L., Ind. 
Eng. Chem., 24, 494-8 (1932). 

180 Robinson, C. S., and Gilliland, R. B., The 
Elements of Fractional Distillation, McGraw-Hill 
Book Co., New York, 1989, pp. 189 ff. 
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this excellent treatise and to other publica¬ 
tions in scientific journals.^®^ 

Motor-fuel columns may be operated in 
several ways, the precise mode chosen de¬ 
pending upon the arrangement of piping 
and the storage-tank facilities, the current 
market demands for specific products, and 
the particular philosophy of the operator. 
If all the benzol fraction is to be sold as 
motor benzol, the apparatus is adjusted to 
effect as complete a separation as possible 
between the benzol and the toluol-xylol 
fraction. If a certain portion of the total 
benzol is to be refined to nitration or other 
pure grades, the column may be operated 
so that this required amount is retained in 
the bottom or toluol-xylol cut, whence it is 
subsequently recovered, after acid treat¬ 
ment, by discontinuous distillation. An al¬ 
ternative procedure is to operate in the 
manner first mentioned, a portion of the 
motor fuel being segregated for separate 
washing in batch equipment. The washed 

181 Brown, G. G., et al., Trans. Am. Inst. 
Chem. Engrs., 30, 438-603 (1033-4) ; Petroleum 
Engr., 11, No. 11, 31-4, 36 (1940). Gilliland, 
E. R., Ind. Eng. Chem., 27. 260-5 (1985), 32. 
918-20, 1101-6, 1220-3 (1940). Brown, G. G., 
Trans. Am. Inst. Chem. Engrs., 32, 321-63 
(1936) ; Petroleum Engr., 11, No. 9, 65-8, 60 
(1040). Colburn, A. P., Ind. Eng. Chem., 28, 
r>26-30 (1936). Lewis, W. K., ibid., 28, 399- 
402 (1936). Otbmer, D. F., ibid., 28, 1436-8 
(1936). Edgeworth-Johnstone, R., Trans. Inst. 
Chem. Engrs., 14, 107-12 (1936). Kirschbanm, 
E., and Andrews, C. A., J. Inst. Petroleum Tech., 
22. 803-20 (1936). Strang, L. C., ibid., 22, 
166-76 (1936). Gunness, R. C., Ind. Eng. 
Chem., 28, 1092-1100 (1937). Dodge, B. F., and 
Huffman, J. R., ibid., 29, 1434-6 (1937). Meyer, 
P., Trans. Inst. Chem. Engrs., 15, 209-22 (1987). 
Siegel, C. L., Chem. d Met. Eng., 44, 493-7 
(1937). Keyes, D. B., IJniv. Illinois Eng. Expt. 
8ta., Circ. 35, 8-14 (1938). Randall, M., and 
Longtin, B., Ind. Eng. Chem., 80, 1063-7, 1188- 
92, 1311-5 (1938), 32, 125-9 (1940). Webber, 
H. A., and Bridger, Q. L., ibid., 30. 815-8 
(1938). Jenny, F. J., Trans. Am. Inst. Chem. 
Engrs., 35, 635-77 (1939). Carey, J. S., Chem. 
d Met. Eng., 46, 814-7, 836 (1939). Hibshman, 
H. J., Ind. Eng. Chem., 32, 988-91 (1940). 
Smith, B. L., Trans. Am. Inst. Chem. Engrs., 
ET, 388-61 (1941) 
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motor fuel may be accumulated and run 
through the motor-fuel column in a con¬ 
tinuous way. Some difficulty may be en¬ 
countered in washing crude benzol frac¬ 
tions effectively. This seems to be due in 
part to the fact that only small amounts 
of heat are developed. There is also con¬ 
siderable evidence to indicate that the sty¬ 
rene and indene usually found in crude sec¬ 
ondary light oils and toluol-xylols have a 
beneficial effect on the efficiency of acid 
washing. Crude benzols can be sticcess- 
fully washed if the batch charge is pre¬ 
heated in a suitable manner. The addition 
of a small amount of crude solvent should 
also be a useful technique. 

In the inhibitor process, the only further 
treatment necessary to the production of 
specification motor fuel consists in the ad¬ 
dition of small amounts, 0.002 to 0.006 per¬ 
cent, of an appropriate organic antioxidant. 
This is conveniently introduced continu¬ 
ously into the motor fuel as it flows to the 
storage tanks. 

The inhibitor process is probably the 
most outstanding of the various mild refin¬ 
ing processes that have been developed in 
an attempt to avoid the large loss of un- 
saturates entailed in the older conventional 
sulfuric acid treatment. Hoffert and oth¬ 
ers made the observation that the for¬ 
mation of gum from the unsaturates pres¬ 
ent in unwashed benzol took place through 
an initial oxidation step and that the addi¬ 
tion of very small amounts of antioxidants 
would effectively forestall gum develop¬ 
ment. The effect of the inhibitor is to pre¬ 
vent oxidation almost entirely for a limited 
period, the induction period. In time, the 
inhibitor is destroyed and gum formation 
proceeds in the normal way. It is not dif¬ 
ficult to obtain induction times of a year 

182 Somerville, P. G., and Hoffert, W. H., Brit. 
Pat. 289,347 (1926). Hoffert, W. H., U. S. Pat. 
1,816,811 (1931). 


or more by the use of remarkably small 
amounts of antioxidant. The length of the 
induction period is approximately propor¬ 
tional to the concentration of added inhib¬ 
itor; the optimum concentration depends 
upon the particular nature of the crude, 
the nature of the containing vessel, and the 
temperature and desired time of storage. 
The inhibitor itself frequently contributes 
to the color and residue of motor benzols; 
hence as little is added as is necessary to 
prevent gum development before use of the 
fuel. 

Although a very large number of com¬ 
pounds have been patented as inhibitors,^*''' 
most of the effective members can be found 
in the class of mono-, di-, and trihydric 
phenols, amino compounds, aminophenols, 
nitro compounds, and pyridine. Of these, 
the most efficacious, from the standpoint of 
inhibiting power per unit and resistance to 
water, is the class of the substituted ami¬ 
nophenols. Monobenzyl-para-aminophenol, 
isobutyl-para-aminophenol, and n-butyl- 
para-aminophenol are all vigorous inhibi¬ 
tors and have been widely used in Amer¬ 
ican practice. Mixed inhibitors are also 
used; for example, one inhibitor now com¬ 
mercially available is composed of substan¬ 
tially equal parts of isobutyl-para-amino- 
phenol and the xylends. 

Although inhibited motor fuels, when 
freshly produced, may fail to meet visible 
color specifications, it has been observed 
that the qolor fades to a satisfactory value 
on two or three days’ storage. In obsti¬ 
nate cases of unsatisfactory color, a light 
sulfuric acid wash may be necessary. The 
inhibitor process is frequently combined, 
especially in foreign practice, with some 
degree of mild chemical refining.-®- The 

183 Byers, J. H., Natl. Petroleum News, 20, 
No. 11, 157-60, No. 15, 58-61 (1937). 

184 Hoffert, W. H., and Claxton, G., Fuel, 0, 
440-7, 476-81 (1930) ; J, 8oc. Ghem. Ind., 52, 
25-33T (1933) ; J. usines gaz, 57, 178-82, 208- 



THE SEMI-CONTINUOUS PLANT 


1205 


use of inhibited benzols for blending pur¬ 
poses poses no problem to the petroleum 
fuel manufacturer since fully half of the 
gasoline sold today, and all cracked distil¬ 
lates, are inhibited. As a result, most of 
the recent contributions to inhibitor tech¬ 
nology have come from the workers in the 
petroleum industry.^®® 

Returning to Fig. 18, the hot toluol-xylol 
bottoms, which may or may not contain 
some crude benzol, are run out, through a 
cooler, to a storage tank. The cooler can 
be arranged as a heat exchanger, the cool¬ 
ing agent being the feed to the column. 
The production of this crude toluol-xylol 
represents the end of the continuous por¬ 
tion of the semi-continuous plant; all fur¬ 
ther operations are carried out in a batch 
way. 

Although a large number of processes 
have been devised for the refining of motor 
fuel, no significant advance, since Mans- 
fi 3 d ,^^2 has been made in the chemical 
refining of light-oil constituents for the 
preparation of pure products. The treat¬ 
ment always involves washing strongly 
with sulfuric acid and caustic, followed by 
redistillation. Although various continuous 
processes of chemical treatment have been 
introduced from time to time, the batch 
acid wash agitator is still the favorite type 
of apparatus. 

The conventional agitator consists of a 
cylindrical tank, of 5,000- to 13,000-gallon 

11 (1933) ; GaS’ u. Waaaerfach, 76, 704-10 

(1933). Voorhees, V., Oil Oaa J., 84, No. 30, 
36, 39, 41-2 (1936). 

185 Egloff, G., Morrell, J. C., Lowry, C. D., Jr., 
and Dryer, C. G., ind. Eng. Chem., 24, 1375-82 
(1932), 35, 804-8 (1933), 26, 497-503, 665-8, 
885-8 (1934), 27. 15-20, 315-7, 413-6 (1935) ; 
Oil Qaa J., 31, No. 45, 64 (1933), 33, No. 12, 8 
(1934). Dryer, C. G., Morrell, J. C., and Egloff, 
G., ibid., 85, No. 45, 113-4 (1937). Lowry, C. 
D., Jr,, Trana. Electrochem. 8oc., 69, 186-93 
(1936). Lowry, C. D., Jr., Dryer, C. G., Wirth, 
C., Ill, and Sutherland, R. E., Ind. Eng. Chem., 
SO, 1275-9 (1988). 


capacity, fitted with a conical bottom and 
provided with appropriate inlet piping, 
sludge drain piping, a suitable cover, and 
a moans of agitation. All parts of the ap¬ 
paratus that come in contact with the acid 
may be heavily lined with lead sheet al¬ 
though the use of unprotected steel is more 
common. The agitation is usually fur¬ 
nished by a centrally located vertical shaft 
bearing impellers or centrifugal pumps so 
designed that an intimate contact is ef¬ 
fected between the heterogeneous system 
of acid and oil phases. Another method 
involves the use of propeller mixers on 
horizontal shafts, introduced tangentially 
through the wall of the lower part of the 
cylindrical body of the agitator. Some 
means of cooling the reaction mixture is 
desirable, such as either an external water 
jacket or a set of internal coils. Usually, 
however, no cooling equipment is provided. 

A typical procedure involves charging 
with th^ crude light oil, crude benzol, crude 
toluol-?pylol, or any appropriate fraction, 
followed by the slow introduction of strong 
sulfuric acid (66° Baume). The acid is 
commonly added in several portions, each 
addition being followed by suitable agita¬ 
tion, settling, and withdrawal of the sludge. 
The first stage is frequently a dehydration 
treatment in which an acid quantity equiv¬ 
alent to about 0.33 percent of the oil vol¬ 
ume is used. In this way, a saving is made 
in the total amount of acid consumed. 
Usually, considerable heat is developed, and 
some means of cooling would result in a 
saving of time. The total amount of acid 
necessary, the number of portions in which 
it is added, and the time allowed for agita¬ 
tion and settling are all dependent upon 
the particular nature of the crude and are 
chiefly established by experience and tradi¬ 
tion. The extent to which removal of the 
unsaturates has occurred can be followed 
by analytical means. When acid washing 
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is complete, the agitator contents are neu¬ 
tralized by washing with aqueous caustic 
soda, again in several stages followed by 
intermediate settling. Although aqueous 
caustic soda is the normal neutralizing 
agent other materials like lime, ammonia, 
and carbonates (phenol purification sys¬ 
tem) may be used. Spent caustic soda 
from vapor neutralizers is often employed 
in preliminary washes. When using car¬ 
bonates it is usually necessary to finish 
with a final caustic soda treatment. Water 
washes before neutralization are frequently 
made, with or without agitation, depend¬ 
ing upon the emulsifying tendency of the 
oil. The treatment of a batch requires 
from 5 to 8 hours, this elapsed time again 
depending upon the nature of the oil, the 
specifications of the refined products, and 
the artifices which may be practiced to ob¬ 
tain economy in reagent consumption at 
the expense of time of treatment. In gen¬ 
eral, the shrinkage loss in washing a typical 
crude light oil is from 4 to 6 percent by 
volume; the acid consumed is 0.40 pound 
of 66° Baume per gallon of oil; and the 
caustic consumption will average 0.06 to 
0.12 pound of sodium hydroxide per gallon 
of oil. The losses involved in washing par¬ 
ticularly unsaturated fractions such as the 
crude loluol-xylol or solvent cuts may be 
very much higher than these mean values. 

The reactions occurring in the acid-wash¬ 
ing step-^ are many and complicated but 
include the following: (1) sulfur com¬ 
pounds are dissolved or oxidized; (2) ni¬ 
trogen bases (pyridine, etc.) and some 
iinsaturates combine with the acid; (3) 
unsaturates are polymerized; (4) aromatic 
compounds are sulfonated; (5) some aro¬ 
matics condense with particular unsatu¬ 
rates; and (6) some unstable hydrocarbons 
are oxidized. The optimum conditions are 
those in which the desired removal of un¬ 
saturates, thiophene, pyridine, etc., is ac¬ 


complished with an accompanying mini¬ 
mum sulfonation of the aromatic hydro¬ 
carbons and a minimum consumption of 
reagent acid and caustic. 

The acid sludge drained from the a^- 
tator during the washing process is an in¬ 
timate mixture of unused acid, entrained 
light oil, and reaction products: '^resins.*’ 
In modern practice, this material is usually 
taken to some convenient spot and burned. 
In the past, fairly elaborate acid reclaim¬ 
ing plants have been devised and built; in 
general the value of the reclaimed materi¬ 
als failed to justify the labor, maintenance, 
and investment costs of the reclamation 
equipment. A few of these plants can still 
be found at American installations. In 
foreign technology, sludge recovery plants 
are more common. Designs fall into two 
categories: (1) processes involving dilution 
of the acid sludge with water or with so¬ 
lutions of alkali, ammonia, ammonium sul¬ 
fate, etc., in water; and (2) procedures in 
which a stream of hot gases or direct steam 
is passed into the heated sludge and the 
distillates recovered. Many processes have 
been described in the literature.^®® 

186 Chemische Fabrlk A.-G., Ger. Pats. 34,947, 
36,372 (1886). Roelofflen, J. A., and Shuttle- 
worth, L., Brit. Pat. 260,514 (1026). Stolzen- 
wald, G., Ger. Pats. 212,000, 213,589 (1909). 
GasHor, A., Ger. Pat. 272,130 (1914). Phoenix 
A.-Gm Ger. Patw. 289,162 (1915), 289,524 (1916), 
299,073 (1920). Hilpert, S., Ger. Pat. 819,011 
(1920). Schtimmer, J., Ger. Pat. 320,255 
(1920). Stephenson, G., Oas World, 74, No. 
1907, Coking Sect., 19-20 (1921) ; Chem. Trade 
J., 68, 176 (1921). Koholyt A.-G., Ger. Pat. 
403,647 (1921). Benesch, K., Ger. Pat. 388,467 
(1922). Still, C., Brit. Pats. 219,089 (1923), 
277,619, 281,647 (1927); U. S. Pat. 1,836,941 
(1931). Laube & Menzen Tech. Biiro, Ger. PatB. 
372,108, 381,508, 885,644 (1923). Kattwinkel, 
R., Ger. Pat. 395,697 (1924). Menzen, H., Ger. 
Pat. 426,387 (1924). Schlamp, H., Chem. d 
Met, Eng., 30, 188 (1924). Demann, W., Ger. 
Pat. 436,242 (1926). Kugel. E., Schwenke, H., 
Ger. Pat. 464,307 (1928). Conklin, B. B., U. S. 
Pat. 1,856.878 (1982). Bartholomew, P. J., 
Chem. d Met. Eng.t 40, 642-5 (1938). Ruys, 
J. D., U. S. Pat. 2,022,818 (1935). Pyael, F. M., 
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Although most acid washing is carried 
out in a batch way, a few continuous-type 
installations exist. One typical example, 
as built by the Koppers Company, is shown 
in Fig. 20. Essentially, this interpretation 
of the continuous process involves simply 
the provision of an interconnected row of 
tanks for the various operations of treating 
with acid, settling, neutralizing, and again 
settling. The incorporation of an addi¬ 
tional tank for agitating the sulfuric acid- 
oil mixture with water allows the recovery 
of dilute acid free from resins. 

Continuous processes have been devised 
utilizing continuous centrifuges for the sep¬ 
aration of the oil and sludge.^®® One diffi¬ 
culty lies in the fact that the techniques 
are not uniformly successful on all light 
oils. Separation of the oil and sludge is ac¬ 
complished, at one foreign installation, by 
filtration through a quartz filter.^®® 

The various models of batch agitators 
show few essential differences. The arche¬ 
typal, cylindrical, conical-bottom, some¬ 
times lead-lined, steel shell is eminently 
persistent; most of the designers’ variations 
are confined to modifications of the stand¬ 
ard, top-driven, vertically supported means 
of agitation. Somewhat more radical in 
departure are the constructions of Pfisterer 
and Eming and Kesper.^®® Pfisterer de¬ 
vised a mixing device based on the injector 
principle; Eming aiul Kesper described an 
agitator constructed in the form of one 
large cylinder superimposed upon a some- 

and Riiys, J. D., U. S. Pat. 2,026,260 (1986). 
Scott, A. T., U. S. Pat. 2,155,367 (1939). Carr, 
W. F., Woolhouse, T. G., and Green, W., Brit. 
Pat. 601,077 (1039). 

187 Kemper, A., U. S. Pat. 1,942,062 (1934). 

188 Aktlebolaget Separator-Nobel, Oer. Pat. 
581,684 (1933) ; Fr. Pat. 785,078 (1935). 

18® Lelli, C., InduBtria chimica, 7, 162-0 

(1932). 

iMPfigterer, K., Brit. Pat. 232,730 (1924). 
Eming, K., and Keeper, J. F., Ohem. App., 22, 
58-9 (1935) ; Teer u. Bitumen, 83, 64-6 (1935). 


what smaller one. The sulfuric acid col¬ 
lects in the lower cylinder; the benzene or 
light oil in the upper compartment is 
pumped down into the sulfuric acid, 
through which it is forced in many finely 
divided streams. A structure of baffles in 
the lower part of the upper tank facilitates 
the ready separation of light oil and spent 
wash reagent. 

A refining technique consisting of stirring 
a material with sulfuric acid possesses the 
advantages of simplicity and cheapness and 
is difficult to improve. Little can be said 
for more complex procedures. The chief 
disadvantages of the unornamented proc¬ 
ess as now practiced are: (1) a lack of 
complete selectivity accompanied by some 
sulfonation of aromatic hydrocarbons; and 
(2) the formation of an economically use¬ 
less sludge. Most of the modifications are 
directed, usually unsuccessfully, to the 
elimination of one or the other. 

Gluud and Schneider recommended a 
preliminary wash with a small quantity of 
35 percent sulfuric acid followed by set¬ 
tling and draining. Pyridine and pyridine 
homologs were thus recovered as the sul¬ 
fates. The preliminary weak wash may 
again be followed by a weak caustic wash 
for the recovery of phenols, etc. Pieters 
and Mannens ^®2 reported yields of about 
2 kilograms of pyridine and 3 kilograms of 
phenol per metric ton (1,000 kilograms) of 
oil, using this procedure. Demant^®® im¬ 
proved the selectivity of the treatment by 
using relatively weak acids (46 to 48“ 
Baume) at elevated temperatures. Jae- 
gprio4 found that a mixture of sulfuric 

191 Gluud, W., and Schneider, G., Ber. Ges. 
Kohlvntech., 1021, (2) 93-111; GlUckauf, 22, 
464 (1922). 

182 Pieters, H. A. J., and Mannens, M. J., 
Chvm, Weekhlad, 26, 286-90 (1929). 

i93Denmnt, J., Brit. Pat. 179,610 (1921). 

194 Jaeger, A. O., U. S. Pats. 1,674,472 
(1928), 1,729,543 (1929). 
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acid and a halogenating agent was desir¬ 
able, the amount of the sulfuric acid being 
insufficient to carry out the ordinary acid¬ 
washing reactions. Albright followed 
the acid wash by a treatment with the 
aqueous sodium phenoxide obtained in the 
dephenolization of gas liquor. Ott used 
a mixture of sulfuric acid and phenolic Wa¬ 
ter or aqueous emulsions of phenolic oils. 
A preliminary wash with weak used acid, 
followed by the customary strong sulfuric 
acid wash, has been patented by Still.^®^ 
An improvement in thiophene removal may 
be effected by the admixture of phosphoric 
acid.^®® Nettlenbush and Schneider ^®® be¬ 
lieved that emulsion troubles could be re¬ 
duced by the addition of naphthalene to 
the light oil before acid washing and by 
carrying out the neutralization step at an 
elevated temperature. Potolovskii and 
Atal’yan^oo found that the yields of pure 
product, benzol, toluol, and xylol, were 
greatly improved by a combined treatment 
with aluminum chloride and sulfuric acid. 
Gould has patented a process featuring 
replacing the customary neutralization step 
by neutralization of the distillates. 

Of somewhat more interest, because of 
its use at several installations in this coun¬ 
try, is the modification of the acid-washing 
treatment known as the Ufer process.^®- 
This procedure provides a simple means 
for the regeneration, in situ, of the acid 

106 Albright, A. R., Brit. Pat. 335,155 (1929). 

106 Ott, A., Ger. Pat. 574,805 (1933). 

197 Still, C., Fr. Pat. 803,038 (1036). 

198 Ilalm, C. A., and Nielsen, H., Dan. Pat. 
61,230 (1936). 

190 Nettlenbush, L., and Schneider, R., Ger. 
Pat. 640,736 (1937). 

200 Potolovskii, L. A., and Atal’yan, A., Asrer- 
haldzhanakoe Neftyanoe Khoz.^ 1039, No. 10/11, 
65-60. 

201 Gould, D. F., U. S. Pat. 2,185,406 (1940). 

202 Ufer, A., Brit. Pat. 251,117 (1926); Ger. 

Pat. 489,753* (1930). Rosendahl, F., Petroleum 
Z., 27, 987-8 (1931). Freitag, Chem.-tech. 

Rundaohau, 40. 490-1 (1931). Krebs, O., Chem.- 
Ztg., 60, 509-11, 631-2 (1032). 


sludge. The light oil is first washed in the 
usual way by agitation with sulfuric acid 
of a rather critical strength. The acid tars 
are not removed; instead, as soon as the 
reaction is complete, a measured amount of 
water is added to the contents of the agi¬ 
tator. If all the variables are properly 
controlled, the acid will separate from the 
^^resins,*^ and the resins, in most part, will 
enter into solution in the light oil. The 
separated weak acid (39 to 40® Baume) 
can be utilized at the ammonium sulfate 
recovery plant with no further treatment. 
Successful operation of this process de¬ 
pends largely upon the nature of the light 
oil; with some raw stocks, the process may 
fail owing to the precipitation of a hard 
pitch difficultly soluble in the oil layer. 
With other oils, only partial success may 
be enjoyed, a certain amount of nonsoluble 
sludge being formed and withdrawn in the 
usual way. Where the process is applica¬ 
ble, it is found that uniformity of success 
can be ensured by a careful control of tem¬ 
perature and acid concentration accom¬ 
panied by very thorough agitation. 

Page 203 has described a practical time 
schedule for the Ufer process as practiced 
at the Montreal Coke and Manufacturing 
Company. He noted that, although the 
use of Ufer acid in the ammonia-recovery 
saturators had no deleterious effect on the 
color of the ammonium sulfate, there was 
a definite tendency towards the formation 
of fine crystals. Phillips reported that 
the particular advantages of the Ufer proc¬ 
ess made the system especially adaptable 
to the continuous method of washing; the 
procedure, of course, is very readily appli¬ 
cable in batch equipment. The advantages 
of the Ufer process, as claimed by the pro- 

203 Page, G. W., Oaa J., 211, 565-6 (1935). 

204 Phillips, O. B., paper presented at the 
meeting of the Blast Furnace and Coke*Oven As¬ 
sociation of the Chicago District, Joliet, Ill., 
June 3, 1931. 
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ponents of that method, may be summa¬ 
rized as follows: 

1. Practically all (90 percent) of the 
acid not consumed in the acid-washing re¬ 
actions is recovered in a state suitable for 
use without further treatment in the am¬ 
monia saturators of the byproduct plant. 

2. In most cases, no permanent sludge is 
formed or remains to be disposed of as 
such; the resins dissolved in the light oil 
are recovered on distillation and may be 
added to the tar. 

3. The consumption of alkali is reduced. 

4. Light-oil losses, both by acid reactions 
and mechanical losses in the sludge, are re¬ 
duced. 

Returning to Fig. 18, the agitator charge, 
or an accumulation of agitator charges, is 
pumped to the still kettle of the batch still 
(pure products) system. The essential ap¬ 
paratus comprises, in addition to the kettle, 
a bubble-cap tray still column, a vapor 
neutralizer with accessories, a vapor con¬ 
denser, an arrangement of appropriate re¬ 
ceivers, and a reflux pump. Instrumenta¬ 
tion should include the automatic recording 
of temperatures on chosen trays m the col¬ 
umn and suitable means of measuring prod¬ 
uct and reflux flows. 

The batch rectifying column has a func¬ 
tional construction almost identical with 
that of the continuous columns. It is ob¬ 
viously possible to dispense with any still 
tank and automatic-base-liquid-level con¬ 
trol; the liquid draining from the lowest 
tray may be returned directly to the still 
kettle. Indirect moderate-pressure steam 
ordmarily furnishes the necessary heat en¬ 
ergy for vaporization, although other fluids, 
like Dowtherm, may be employed. The 
heating coils are usually arranged to allow 
for convenient removal in integral units 
since frequent cleaning may be desirable. 

The vapor neutralizer is a device, con¬ 
sisting of perhaps two bubble-cap trays 


fed with an aqueous caustic soda solution, 
which serves to scrub any acidic constitu¬ 
ents from the hydrocarbon vapors before 
condensation. The acid constituents, hy¬ 
drogen sulfide, sulfur dioxide, and free sul¬ 
fur, are responsible for “corrosive” prod¬ 
ucts, a famOiar bugbear to many refiners. 
Although hydrogen sulfide and sulfur diox¬ 
ide may be removed by cold caustic wash¬ 
ing in the liquid phase, free sulfur resists 
such treatment. In the vapor neutralizer 
the distillate, in the gas phase, comes into 
intimate contact with a hot caustic solu¬ 
tion; this drastic treatment results in the 
complete removal of all acidic constituents 
and free sulfur. The concentration of the 
aqueous alkaline solution is adjusted so 
that the boiling point is at least not below 
the temperature of the vapors. The appa¬ 
ratus is usually well insulated, and supple¬ 
mentary heating coils on the trays are not 
necessary. Fouled caustic solutions may 
be reused, at least as preliminary washing 
agents, in the acid-washing treatment. 

After neutralization, the vapors are con¬ 
densed in apparatus of the drip type pre¬ 
viously described, the condensate flowing to 
gravity separators where any nondissolved 
water that may be present is removed. A 
portion of the product is returned as re¬ 
flux, the balance passing to various receiv¬ 
ers. Although the vapor temperature is an 
important and valuable guide, it is usually 
customary to perform a control analysis on 
the contents of each receiver; such control 
analytical work is frequently restricted to a 
determination of the boiling range in stand¬ 
ardized single-bulb distillation apparatus. 

Since the charge is ordinarily a mixture 
of benzene, toluene, xylene, solvent, and the 
small amounts of impurities associated in 
boiling point with these hydrocarbons, the 
product composition and the rate of change 
of product composition will vary continw- 
ously throughout a distillation. At first. 
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I assuming the prior removal of forerun¬ 
nings, a relatively large amount of benzol 
is obtained, the quality depending upon the 
nature of the charge, the performance char¬ 
acteristics of the column, and the particu¬ 
lar techniques of reflux ratio and rate of 
boil-up employed. This benzol cut will be 
continuously variable in quality as the dis¬ 
tillation progresses and will ordinarily be 
diverted to suitable storage tanks as V 
Benzol, 2° Benzol, etc. As the amount of 
benzol in the kettle charge and in the col¬ 
umn becomes smaller, appreciable quanti¬ 
ties of the next-higher-boiling material, 
toluene, will appear in the product. The 
concentration of toluene rapidly becomes 
larger, eventually reaching a value such 
that the nature of the product coincides 
with the specifications of one of the grades 
of toluol the refiner is attempting to pre¬ 
pare. The material collected between the 
last usable grade of benzol and the first 
usable grade of toluol is referred to as an 
'flntermediate'^; its size, expressed in per¬ 
centage of the still charge, depends upon 
the refiner’s topical definitions of usable 
benzol and toluol, the nature of the charge, 
the efficiency of the still, and, most signifi¬ 
cantly, the mode of still operation em¬ 
ployed with respect to reflux ratio and 
boil-up. The intermediates are not imme¬ 
diately useful and must be refractionated 
to recover the benzene and toluene they 
contain. The same phenomena reoccur as 
the toluene is gradually removed and the 
nature of the product approaches continu¬ 
ously to that of a usable xylol; the phe¬ 
nomena are again reproduced as the 
washed solvent is obtained; finally only a 
nondistillable residue (“pure still residues”) 
remains. 

All other things being equal, the relative 
effectiveness of batch stills may be evalu¬ 
ated in terms of the amounts, expressed in 


percentages of the charge, of directly non- 
usable intermediates. 

Considerable controversy exists over the 
apparently simple question of how to op¬ 
erate light-oil batch stills. One group finds 
it desirable to greatly increase the reflux 
ratio as the “cut-over” point between the 
homologs is approached, even going so far 
as to operate for short periods at total re¬ 
flux. In the “sweating-off” procedure, it is 
undeniably true that the percentage length 
of intermediate is decreased. Another 
school operates distillation throughout at 
a relatively low reflux ratio with the cor¬ 
relative collection of rather large interme¬ 
diates followed by a similar treatment or 
rerunning of these large intermediates. A 
suitably convincing theoretical treatment 
has not yet been established for discontinu¬ 
ous distillation; hence, the proper choice 
cannot be made from considerations of 
physical chemistry alone. Fortunately, for 
any given still, a decision can be based on 
costs, since, by operating in either way, the 
same desired ultimate yields can be ob¬ 
tained. With stills of modern design, the 
sweating-off method of operation has been 
found undesirable inasmuch as it leads to 
higher distillation refining costs per unit of 
product. Although many factors such as 
labor costs and investment costs contribute 
to the final value, the charge for heat en¬ 
ergy for boil-up is most significant. The 
reduction in the length of the intermediate 
produced in the sweating-off procedure is 
accompanied by an economically inordinate 
consumption of steam. 

The physical theory of continuous frac¬ 
tionation has long been adequately estab¬ 
lished; the historically older batch frac¬ 
tionation has been comparatively neglected. 
Writers on distillation have been prone to 
dismiss the subject with such statements as, 
“All the methods of calculation described 
(for continuous distillation) can obviously 
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be applied to discontinuous distillation/* 
The misleading character of such remarks 
is obvious to anyone who has attempted to 
solve the differential equations involved. 
In continuous fractionation, the necessary 
theory need only describe a steady-state 
systm; in discontinuous fractionation, 
conditions are continuously changing with 
time, and a steady state never exists. Fur¬ 
ther, in continuous fractionation some char¬ 
acteristics of the system such as the inter¬ 
nal and external hold-up have no appre¬ 
ciable effect on the result, whereas the same 
variables profoundly influence the course 
of batch distillation and introduce a corre¬ 
sponding complexity into the mathematical 
treatment. 

Much of the void has been filled by an 
excellent series of papers due, in large part, 
to Rose, Smoker, and their associates. 
These workers have adequately investi¬ 
gated the effects of varying reflux ratios 
and operating hold-up for certain special 
conditions of operation.-®® 

Light-oil batch still operators are gener¬ 
ally interested in operation at a reasonably 
low reflux ratio with a column having a 
fairly large internal hold-up, which still 
lacks an adequate theoretical discussion. 
The experience and data obtained with 
small-scale laboratory stills cannot be ex¬ 
trapolated with any validity to industrial- 
scale installations. In an attempt to ob¬ 
tain more utilizable information, Colburn 
and Stearns have investigated, experimen¬ 
tally, the effect of column hold-up in a 7- 

205 Bogart, M. J. P., Trans. Am. Inst. Chem. 
Engrs., 83, 139-52 (1937). Smoker, E3. H., and 
RoHe, A., ibid., 30, 285-93 (1940). Rose, A., 
WelKlians, h. M., and Long, H. H., Jnd. Eng. 
Chem., 33. 673-5 (1940). Rose, A., and Welsh- 
«ns, L. M., ibid., 32, 668-72 (1940). Rose, A., 
J. Am. Chem. 8oc., 62, 793-5 (1940) ; Ind. Eng. 
Chem., 32, 675-6 (1940), 38, 594-7 (1941). 
Rose, A., and Long, H. H., ibid., 88, 684-7 
(1941). 


inch, 15-plate column.*®® A most signifi¬ 
cant and unexpected result was their ob¬ 
servation of the beneficial effect, under cer¬ 
tain conditions, of the presence of appre¬ 
ciable column hold-up; the separation ac¬ 
tually obtained was always sharper than 
that theoretically predicted for zero hold¬ 
up. Equally striking was the combined 
effect of hold-up and reflux ratio; for a 
certain range of values of the hold-up, the 
separation actually achieved was substan¬ 
tially independent of reflux ratio. The 
beneficial effect of hold-up was greater at 
the lower reflux ratios, an observation, if 
confirmed, of profound importance to the 
designers of batch light-oil fractionating 
columns. The owner of an industrial frac¬ 
tionating column cannot readily change the 
actual hold-up of the plates; the same ef¬ 
fect, however, can be easily obtained by 
simply varying the still-kettle charge. 

The pure still residues, somewhat high in 
sulfur,*®^ are usually burned as fuel. Vola¬ 
tile resin oils can be recovered by steam 
distillation ^^® of the residue, leaving a 
brittle resin. The resin oils have been ex¬ 
amined by Carmody and Kelly,*®® who 
found a family of pseudopolymers com¬ 
posed generally of one molecule of the 
ordinary aromatic homologs combined with 
one molecule of an unsaturated aromatic 
of the type indene, coumarone, dicyclopen- 
tadiene, styrene, cyclopentadiene, etc. Car¬ 
mody 200 has patented processes involving 
heating the residues to 200 to 275® C and 
blowing with live steam to obtain a vola¬ 
tile oil. The distillate may be further sub¬ 
jected to catalytic cracking with aluminum 

206 Colburn, A. P., and Stearns, R. F., Trans. 
Am. Inst. Chem. Engrs., 87, 291-309 (1941). 

207 Wehrmann, F., Gas- u. Wasser/oofc. 68, 
658-9 (1925). 

208 Carmody, W. H., and Kelly, H. B., Xnd, 
Eng. Chem., 82, 954-7 (1940). 

209 Carmody, w. H., U. S. Pats. 2,148,474, 
2,149,577 (1939), 2,210,895 (1940). 
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chloride to yield a resin and the primitive 
aromatic. 

The pure batch still distillates benzol, 
toluol, xylol, and solvent naphtha, in vari¬ 
ous standard grades, are usually dehydrated 
before shipment. This may be readily ac^- 
complished by percolation through beds of 
activated alumina, calcium chloride, or 
caustic soda.*’® 

Occasionally the pure products, particu¬ 
larly toluols and xylols, may be character¬ 
ized by unpleasant odors. Deodorization 
can often be effected by agitation with an 
aqueous solution of sodium hypochlorite or 
by treatment with chlorine, bromine, iodine, 
or mercuric chloride. The addition of per¬ 
fume is an insidious artifice that has, for¬ 
tunately, had only a limited use. 

It will be noted from the above that the 
usual light-oil-refining process is restricted 
to a combination of sulfuric acid washing 
and fractional distillation. Relatively inert 
impurities having boiling points close to 
those of the aromatic homologs elude such 
a scheme and, if present in the stock, tend 
to pass unchanged into the various prod¬ 
ucts. This is particularly true of ^‘paraf¬ 
fins,” and the preparation of specification 
grades of nitration benzol and toluol be¬ 
comes increasingly difficult as the concen¬ 
tration of paraffins in the stock increases, 
perhaps as a result of long carbonization 
times and correspondingly lower oven tem¬ 
peratures. The successful utilization of 
high-paraffin stocks requires the develop¬ 
ment of new, more powerful refining tech¬ 
niques. 

The separation of hydrocarbons from im¬ 
purities of nearly the same boiling point by 
application of third component or azeo¬ 
tropic distillation has been described for 
the important toluene-paraffins*®**^^ and 

210 Eiemstedt, H., Brennatoff-Chem., 18, 28-4 
(1937), 

2 iiMizuta, M., J. 8oe. Ohem. Ind. Japan, 85, 
470B (1982). 


is the subject of several patents.*** A suc¬ 
cessful azeotropic process for the treatment 
of high-paraffin toluene is used in Eng¬ 
land.**® 

The removal of paraffins from benzol, 
a simpler problem, can be readily accom¬ 
plished by crystallization,*** the nonaro¬ 
matic impurities tending to concentrate in 
the mother liquor. In current American 
practice, the design is based on standard 
ice-making machinery and ordinarily oper¬ 
ates in a batch way. One Pittsburgh plant 
consists of a suitably arranged series of 112 
ice “cans,” each can measuring 10% by 22 
by 49 inches. Benzol is charged to the cans 
to a depth of 40 inches and then gradually 
frozen over a period of 38 hours, heat 
being withdrawn by circulated brine. 
Throughout the freezing step a small 
stream of air introduced through the bot¬ 
tom t)f the can flows as a stream of bubbles 
up through the unfrozen core. About 85 
percent of the charge is frozen. At the 
end of the freezing step the core material 
is drained away and the frozen purified 
benzol is thawed by the circulation, for a 
period of 8 hours, of warm water through 
the brine coils. 

THE CONTINUOUS PLANT 

Installations of continuous light-oil-refm- 
ing plants are rare in American practice. 
The particular advantages inherent to op¬ 
eration in a continuous manner are, for 
small and moderate-sized units, overbal¬ 
anced by the complexity and costliness of 
the equipment; here, the semi-continuous 
plant offers a reasonable compromise. The 

212 Roelfaema, P. J., Pr. Pat. 804,488 (1936) ; 
U. S. Pats. 2.069.^29, 2,085,546 (1937), 2,11.3,965 
(1938); Brit. Pats. 4(52,630, 464,307 (1937). 
Ho-ltermann, J., Fr. Pat. 831,295 (1938). 

21S Woodall-Duckhain, Ltd., Gas World, 111, 
No. 2888, Buppl. page xlii (1939) ; Brit. Pat. 
536,172 (1941). Gaa World, 112, 279 (1940). 

214 Campbell, R. W., and Wagner, F. W., U. S. 
Pat. 1,991,844 (1935). 
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profitable exploitation of the continuous 
principle requires very large capacities; it 
is noteworthy that this system has been 
recently applied in the modernization of 
the largest light-oil plant in the world, that 
of the Carnegie-Illinois Steel Corporation 
at Clairton, Pa.The plant, Fig. 19, con¬ 
sists of eight stills arranged in two sections 
of three '^crude'^ and five ''pure” stills. 

In general, the method of operation con¬ 
sists of first recovering the light oil from 
the absorbent medium as one fraction by 
use of the conventional-type steam-strip- 
ping still; that is, no rectifier is employed. 
In the crude-still section of the plant, the 
crude light oil thus obtained is separated 
by continuous fractional distillation to pro¬ 
duce as individual distillates: (1) a fore¬ 
runnings cut; (2) a crude benzol cut; (3) 
a broad fraction containing benzol, toluol, 
and xylol; and (4) a residue cut consisting 
of higher-boiling solvents, wash oil, and 
naphthalene. The residue cut is batch-dis- 
tilled for the recovery of high-boiling sol¬ 
vents; the crude benzol-toluol-xylol cut is 
washed with sulfuric acid in the normal 
way and, when thus treated, becomes the 
feed to the pure-still section of the con¬ 
tinuous distillation plant. In this plant, an 
arrangement of five stills, the acid-treated 
mixture is separated into the ordinary 
major components of light oil: commer¬ 
cially pure grades of benzol, toluol, xylol, 
and solvents. Thus eight stills, in this 
system, perform the functions of the three 
stills necessary in the semi-continuous 
plant. However, the continuous rectifier 
of the debenzolization plant has been 
omitted. 

The detailed mode of procedure is well 
shown in the flow diagram. Fig. 19. The 
crude light-oil stock is pumped continu¬ 
ously at a feed rate of 5,000 to 6,000 gal- 

216 World Petroleum, 11, No. 11, 88-95 

(1940). 


Ions per hour and enters at approximately 
the middle of unit 1. In unit 1 the feed 
is divided into a top distillate of forerun¬ 
nings and a bottoms fraction of topped 
light oil. The light distillate is revolatUized 
into the fuel-gas lines; the bottom product 
is transferred directly to the fractionating 
column of unit 2. In unit 2 the separation 
is arranged so that the top product repre¬ 
sents only a portion of the crude benzol 
and is utilized for the manufacture of in¬ 
hibited motor fuel; the discharge from the 
base of the column contains all the toluol, 
xylol, and higher-boiling materials origi¬ 
nally present in the light oil plus the quan¬ 
tity of benzol needed for the preparation 
of washed or pure grades. Unit 3, again 
fed by pumping from the reboiler of unit 2, 
serves to remove the heavy solvents from 
the feed; the top product is essentially a 
mixture of only crude benzol, toluol, and 
xylol. The separation problem in unit 3 
is relatively easy, and the column is fitted 
with fewer trays than the columns of units 
1 and 2. This third still performs the 
function of the light-oil rectifier usually in¬ 
cluded in the flow diagram of a modern 
debenzolization plant. The residue from 
unit 3 is accumulated and worked up in a 
batch still; the overhead product is run to 
storage tanks for subsequent sulfuric acid 
treatment. This last step represents a dis¬ 
continuity in the system considered as a 
whole, since the acid washing is carried out 
in the ordinary batch way. 

Piping has been provided so that various 
combinations of the three crude units are 
possible. Thus, the first unit can be oper¬ 
ated to produce an overhead containing all 
the forerunnings plus the benzol; in this 
event the second unit will effect the sepa¬ 
ration of forerunnings from the benzol, the 
forerunnings being obtained as an overhead 
product and the crude benzol as a side 
stream near the base of the fractionating 
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column. In this procedure, the bottoms 
from unit 1 serve as the feed to unit 3, 
which performs the same function as be¬ 
fore. As another alternative, if all the ben¬ 
zene is to be resolved to pure products, the 
second still serves no purpose and can be 
completely bypassed. The first unit then 
is again operated as a forerunning strip¬ 
per, the residue or bottom product being 
pumped directly to unit 3. 

In the pure section, the feed, an acid- 
washed mixture of benzol, toluol, and xylol, 
is introduced near the top of unit 5. The 
only separation effected here is the removal 
of nonvolatile polymerized residues from 
the overall benzol-toluol-xylol mixture. 
The top distillate is transferred to one of 
three 35,000-gallon tanks. 

The purpose of these tanks is to serve as 
surge take-up and at the same time maintain 
sufficient storage of materials to insure a 
uniform feed to the succeeding pure product 
units. Since the remaining units from this 
point are continuous in operation, in that the 
residue from each reboiler is used as feed to 
its successor, and since the uniform balance 
of product removal in relation to feed must 
remain in constant equilibrium, in order to 
obtain maximum product quality, it can be 
seen that uniform feed to unit is of utmost 
importance.^!® 

Provision has been made for the direct 
utilization of the distillate from unit 4 as 
the feed to unit 5, thereby bypassing the 
tanks mentioned above. This mode of 
operation is undesirable and is resorted to 
only in dire necessity. 

The quality of product which is recovered 
from number five still will, of course, depend 
upon the character of the light oil; and the 
function of this column is to remove the 
low-boiling constituents from the washed ben¬ 
zol-toluol-xylol fraction prior to the produc¬ 
tion of pure benzol in column six. It has 
been found that this product is free from 
corrosion as indicated by the copper strip 
method. 


The product from the reboiler of this unit 
is transferred directly into the column of 
unit number six, the function of which is the 
production of high-quality pure benzol. The 
unit has been found capable of producing a 
product with a boiling range of less than 
1® C without difficulty in addition to a high 
freezing point. The benzol is neutral in re¬ 
action, the corrosion test negative, and the 
wash test has been found to be equivalent to 
Barrett number one or less. 

The material which collects in the reboiler 
will obviously contain all of the toluol, xylol 
and higher-boiling homologs [the latter pre¬ 
sumably present due to the inadequacy of 
unit 3] together with a small amount of ben¬ 
zol and intermediate fractions. The purpose 
of the following unit, therefore, is to remove 
the intermediate material which boils be¬ 
tween the benzol and toluol fractions in order 
to provide for the recovery of toluol of high 
purity in the next succeeding unit. It can 
readily be seen that the character of. the dis¬ 
tillate from unit number seven will be sub¬ 
ject to considerable fluctuation in the boiling 
range and may vary between 10 and 30 de¬ 
grees, depending upon the character of the 
benzol desired from the previous column as 
well as the toluol desired from unit number 
eight. This nlimber seven unit, therefore, is 
for the removal of the intermediate fraction, 
and this is accomplished in the same manner 
as has been described for unit six in that the 
material is fed into the unit near the center 
of the column and the intermediate product 
recovered as a distillate. 

The material from the reboiler of this unit 
number seven, which consists of toluol, xylol, 
etc., is transferred to unit eight for the re¬ 
moval of commercially pure toluol as a dis¬ 
tillate and a xylol fraction as a side cut, 
while the material in the reboiler will consist 
of part of the xylol fracton in addition to 
higher-boiling solvents. 

The quality of toluol which has been pro¬ 
duced has been found to have less than 1® 
boiling range, is neutral in reaction, free from 
corrosion, and has a low Barrett wash test.*!® 

It seems reasonable to expect that the 
production of xylol as a side stream taken 
off below the feed plate would not allow 
the preparation of a narrow-range material 
and that the resultant xylol would be con- 
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taminated with any nonvolatile constituent 
of the feed. In order to provide additional 
flexibility for the manufacture of special 
products, a battery of five batch stills is 
operated in conjunction with the continu¬ 
ous units. Each continuous unit consists 
of a reboiler or base heater and a bubble- 
cap rectifying column which is connected 
to condensers, product coolers, decanters, 
and pump tanks. The pump tanks in the 
pure unit are sometimes supplemented by 
small individual product receivers. 

The reboilers consist of cylindrical tanks 
placed at yard level and so arranged that 
the longitudinal centerlines are horizontal 
and parallel. At those units where the bot¬ 
tom product is to be transferred as the 
feed to a succeeding fractionating tower, 
the rebqiler is divided into two sections by 
a solid partition wall, the two compart¬ 
ments being interconnected through an 
external pipe-line at the base and vent lines 
at the top. One compartment contains all 
the heating elements and serves as a re¬ 
boiler proper; the other section is used as 
a surge or reservoir tank. The heating sec¬ 
tions are designed for ready removal. Each 
reboiler section is provided with a separate 
steam supply, the rate of steam admission, 
hence the amount of boil-up, being con¬ 
trolled by devices sensitive to the developed 
pressure in the vapor space. The rate of 
bottoms withdrawal is regulated by a 
liquid-level controller installed in the reser¬ 
voir section of the reboiler. This controller 
actuates a valve located in the discharge 
line immediately after the bottom product 
pumps, which are driven at constant speed 
by explosion-proof electrical motors. 

Each reboiler is connected with the recti¬ 
fying column by a single vapor line in which 
has been inserted an expansion head. A self¬ 
sealing liquid return line has been provided 
also, and in this manner the higher-boiling 
materials are returned to the reboiler with 


the minimum of contact with the escaping 
vapors. The rectifying columns have been 
placed on one common floor immediately 
above the reboilers and are so arranged that 
the minimum of piping exists between the 
reboiler and column. The fractionating col¬ 
umns vary in height and diameter according 
to the rectifying demands. [The compara¬ 
tive height of the fractionating towers is ap¬ 
proximately indicated in the formalized flow 
diagram, Fig. 19.1 The shell of the column 
is constructed of welded steel plate, and all 
interior fittings are of the same material. 
The material to be fraclionated is fed into 
the column usually about midway between 
the base and top.^is 

A uniform design has been applied to the 
various condensers, product coolers, and 
bottoms coolers in order to minimize main¬ 
tenance charges and spare-part inventories. 
The condensers are either four- or six-pass 
floating-head types made up of 1-inch 13- 
gage seamless black tube. The condensate 
drops by gravity to the coolers immediately 
below: these are usually two-pass floating- 
head types of 1-inch 13-gage seamless tube. 
In both devices the cooling water flows 
within the tubes while the vapors or con¬ 
densed liquids are contained betw^een the 
tube and shell. The interval of trouble- 
free operation between tube cleanings has 
been satisfactorily increased by the instal¬ 
lation of a continuous filter in the main 
water supply line. 

Continuous decanters or water separators 
have been installed in those units where 
w’ater is likely to contaminate the distillate. 
The design is of the conventional fixed-weir 
type. The overflow of the decanter, or the 
discharge of the product coolers when no 
decanter is used, passes directly to a surge 
tank, equipped, like the reboilers, with a 
liquid-level-control actuating a valve in the 
discharge line of the distillate pump. The 
stream from the pump is divided, each 
branch being fitted with rotameters and 
appropriate manually operated valves. 
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Fig 20 Flow diagram of a plant for the continuous acid washing of light oil. 
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The portion required for reflux is returned 
to the top plate of the rectifying column; 
the balance flows to storage tanks. It has 
been found desirable to equip some of the 
pure still units with a group of several 
small tanks; in this way an undesirable 
product due to inadvertent maladjustment 
of the apparatus may be diverted and the 
contamination of a large amount of satis¬ 
factory material already in storage avoided. 
The ultimate control of the units is based 
on suitable hourly analyses of all products. 

The instrumentation and controls for 
each unit have been centralized as much 
as possible; almost all are incorporated in 
one panel on the operating floor. The in¬ 
strumentation of some units is more elabo¬ 
rate than others, but, in general, a panel 
may include: an indicating and recording 
reboiler pressure gage, a reboiler steam 
controller, indicating steam and air-pres¬ 
sure gages, indicating level gages for depth 
of liquid in both the heating and reservoir 
sections of the reboiler, a constant feed rate 
controller, a six-point temperature indicat¬ 
ing and recording instrument giving the 
temperature data of strategic parts of the 
system, and remote-control switches for the 
various transfer pumps. The overall steam 
and water consumption of the plant is con¬ 
tinuously determined and recorded, and 
orifice plates for the individual units have 
been installed. Distillate and reflux flow¬ 
meters (rotameters) and the various valves 
necessary for regulation of reflux ratio and 
diversion of liquid streams to the appropri¬ 
ate parts of the system are located in the 
immediate neighborhood of the main con¬ 
trol panel. 

Although the plant described above, one 
of the few in America, was only put into 
operation in the ^30’s, it is interesting to 
note that the application of the continuous 
principle to light-oil fractionation was made 


in the very early days of the industry 
Not many installations were made, and 
these, perhaps because of a lack of suitable 
automatic control equipment, were soon 
converted to intermittent operation. With 
few exceptions, over a long period, design¬ 
ers contented themselves with topical vari¬ 
ants of the discontinuous system. How¬ 
ever, there has been a trend, both at home 
and abroad,^®^» towards continuous 

operations, and today no wholly discontinu¬ 
ous plants are built. The degree to which 
continuous fractionation is applied is a 
function of many variables, of which the 
most significant is the scale of the instal¬ 
lation; for moderate sizes a compromise 
semi-continuous flow sheet seems most de¬ 
sirable. 

The modern light-oil batch still maintains 
its place directly as a result of the improve¬ 
ments in fractionating effectiveness that 
have been made in the last decade. The 
batch stills of today show very little simi¬ 
larity to the best designs of the period 
1910-30, which were essentially very large, 
horizontal cylindrical tanks surmounted by 
short stubby columns containing relatively 
few plates fitted with a small number of 
large bubble caps. The traditionally close 
spacing of the trays resulted in consider¬ 
able entrainment with the correlative de¬ 
basement of fractionating effectiveness. Re¬ 
flux was obtained by means of dephleg- 
mators, that is, partial condensers, mounted 
directly on the top of the column. The 
operation of dephlegmators was considered 
a fine art; it was believed by some that 
most of the separation occurred in the 

216 Goblet, A., Die Fabrihation des Benzoic 
au8 Kokaofengaaen, Verlag Fachliteratur, Berlin, 
1014, 20 pp. 

217 Soc. des 4tablissineiits Barbet, Brit. Fats. 
244,130 (1924), 295,691 (1027), 380,348, 381,429 
(1932); Ger. Pat. 567,884 (1926); Fr. Pat. 
660,138 (1927). 
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Fio 21. Medium-size semi-continuous light-oil refining plant. 


partial condenser. In many cases, they struction superseding the old stubbiness; 

may have been right. In the modern still, total condensers, reflux pumps, and flow- 

welded sheet steel has replaced cast iron meters make reflux ratio a controlled real¬ 
as a material of construction; a multitude ity. Most important of all, the light-oil 

of caps per tray displaces the few previ- refiner has learned how to operate batch 

ously used; a large number of well-spaced stills. Why they work the way they do 

trays results in a slender, towering con- remains an open question. 
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From the standpoint of technological ar¬ 
chitecture the new light-oil-refining plant is 
a great improvement over the old (Figs. 17 
and 21). One does not regret, moreover, 
that light-oil plants have ventured into the 
open air and that the dark, traditional 
benzol house is rapidly disappearing. Pro¬ 
tection from the weather can in most part 
be obtained by means of modern protective 
coatings, and buildings are held to a mini¬ 
mum, usually housing only acid washing 
equipment, pumps, and instrument and 
control panels. Design incorporating only 
a few enclosures is a definite contribution 
towards the safety of operating personnel. 

Although quite a few antique •installa¬ 
tions still survive, modernization is pro¬ 
ceeding apace and the minutiae of these 
plants will soon be only of historical inter¬ 
est. The curious reader is referred to 
Gluud and Jacobson’s Handbook and 
similar works for details. 

Miscellaneous Refining Procedures 

MOTOR BENZOL PROCESSES 

Although no successful procedures, al¬ 
ternative to vigorous sulfuric acid treat¬ 
ment, have been developed for the manu¬ 
facture of pure products, this statement is 
most certainly not true in respect to motor 
benzol refining. The attempts to solve the 
problem of the removal of gum formers 
with no accompanying loss of the innocu¬ 
ous unsaturates have produced an expendi¬ 
ture of much ingenuity and even more 
chemicals. Both commodities are well-nigh 
inexhaustible; the result is an enormous 
number of proposed processes, which may 
be roughly classified according to the prin¬ 
ciples of the methods employed: (1) sul¬ 
furic acid; (2) adsorbents; (3) polymeriz¬ 
ing agents, such as halogens, hydrohalogen 


acids, and chlorides; (4) oxidation; (5) 
hydrogenation; and (6) miscellaneous.^^® 

SULFURIC ACID 

Modifications of the sulfuric acid process 
assume many roughly equivalent forms 
such as the use of dilute acid or of very 
small quantities of strong acid. Of some 
interest, because of a limited application in 
American technology, are the Ufer proc¬ 
ess, already described, and the Wagner- 
Maclntire process,in which the light oil 
is washed with about 0.4 percent by vol¬ 
ume of 66® Baume sulfuric acid. After 
appropriate removal of sludge and neutrali¬ 
zation the treated oil is distilled at a pres¬ 
sure sufficiently reduced to maintain the 
kettle temperature always below the de¬ 
composition point of gum-forming constit¬ 
uents and sulfur-containing hydrocarbons. 

In Germany, the Stinnes^^o process has 
been widely employed. Eighty percent 
acid is used at temperatures below 40® C, 
and the washed material is distilled through 
hot caustic soda (essentially a vapor neu¬ 
tralizer). The general efficacy of 80 per¬ 
cent acid has been noted by several work- 
ers,22i and reagent of approximately this 
strength defines several processes.-^^ Ter- 
Nedden^'-^ noted that 80 percent acid-re- 

218 Much of the following is a condcnRntion of 
HofPprt and Claxton’s exhaustive treatment of 
this subject, ref. 6. 

219 Wagner, P. W., and Maclntire, F. L., U. S. 
Pat. 1,886,612 (1932). 

220 Gewerkeschaft Mathias Stinnes, Brit. Pat. 
371.752 (1931); Ger. Pat. 672.959 (1939). 

221 Moehrle, E., Brennstoff-Chem., 13, 6-9 

(1932). Weller, R., and Schramm, E., ihid., 13, 
44.5-7 (1932). 

222 OherschleslHche Kokswerke u. chein. Fabr. 
A.-G., Ger. Pat. 421,558 (1922). Bayard, F. W., 
U. S. Pat. 1,474,136 (1923). Silica Gel Corp., 
Brit. Pat. 388,782 (19.S0). Concordia Bergbau 
A.-G., Brit. Pot. 380,495 (1931). Banta, C., 
Brit. Pat. 382,647 (1931). 

228 TerNedden, W., Brennstoff-Chem,, 19, 101-3 
(1938). 
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fined motor fuels were improved by the 
use of reduced pressure in the distillation 
step. Bantams* and Joneshave pat¬ 
ented processes in which only small quan¬ 
tities of concentrated or near concentrated 
acid are employed. The acid reagent itself 
may be modified by admixture with such 
materials as ferric sulfate,phosphoric 
acid,^®® and alcohols or other solvents.^^^ 
In the methods of the Societe du gaz de 
Paris 22® the acid washing is carried out in 
the vapor phase, light-oil vapors being 
passed through porous masses impregnated 
with sulfuric acid. The process may be 
made continuous by flowing weak acid 
through a bed of refractory, countercur¬ 
rent to the light-oil vapors. Dilute acid 
washing may be preceded by a wash with 
aqueous ammonia to improve color and 
odor.229 ii jg to be noted that many of the 
processes utilizing other reagents usually 
mvolve a preliminary weak sulfuric acid 
wash for the removal of pyridine. 

The bulk of the motor benzol fraction 
is relatively free of gum-forming constitu¬ 
ents; the forerunnings and heavy ends, in 
which they are concentrated, may be re¬ 
moved for separate acid washing and later 
recombined with the untreated middle frac¬ 
tion. 2 =^® 

ADSORBENTS 

The recovery of light oil by adsorption in 
a bed of silica gel has been described;®^ it 
is not surprising that proposals have been 
made for the application of this selective 

224 Santa, C., U. S. Pat. 2,064,455 (1936). 

226 Jones, I. H., U. S. Pat. 2,193,763 (1940). 

226 Petroir, P. C., Fr. Pat. 726.510 (1931). 

227 Hofmann, F., and Wulff, C., Brit. Pat. 
301,420 (1928). 

22 5 Soc. du j?az de Paris, Brit. Pats. 307,935, 
314,052, 330,045 (1929). 

229 Soc. anon. d’(.)ugr6e-Marihaye, Brit. Pat. 
435,965 (1934). 

280 Pieters, H. A. J., and Visser, H. S., Brenn- 
8toff-Cfiem., la, 470-2 (1981). 


reagent to motor-benzol refining.**^ In an 
early form of the process, the light oil was 
given a light acid wash and then heated 
with very finely divided silica gel for peri¬ 
ods of an hour or more. Spent adsorbent 
was removed by filtration and reactivated 
by heating to high temperatures. In a later 
development, the mild sulfuric acid treat¬ 
ment was followed by pressure filtration 
through a bed of silica gel maintained at 
150® C. Neither technique seems to offer 
any advantage over a controlled weak acid 
washing procedure. Evers 2®^ has described 
a scheme consisting of treatment with ozon¬ 
ized air in the presence of silica gel, which 
adsorbs the resultant ozonides. The proc¬ 
ess is made continuous by causing the 
crude oil and reagent gas to flow counter- 
currently through a tower packed with the 
adsorbent. Parenthetically, it may be 
noted that ozone may combine with the 
aromatic hydrocarbons to form explosive 
materials.®®® 

The Instill process,®®* which has seen 
some use in foreign practice, utilizes a com¬ 
pound reagent: a mixture of specially pre¬ 
pared active ferric sulfate, an adsorbent 
earth, and some free sulfuric acid. Pyri¬ 
dine poisons the purifying medium and is 

231 Silica Gel Corp., Brit. Pats. 195,055 
(1923), 292,231 (3927), 811,285 (1928), 373,174 
(1931). Pulreuder, R. B., Ind. Eng. Chem,, 21, 
691-3 (1929). Geddes, R. C., Gas World, 94, 
Coking Sect,, 9-12 (1931). 

2.12 Sioiiiens iiiid llalHke A.-G., Ger. Pat. 481,- 
266 (1925). 

283 Hoii/ieau, A., and Keiiard, A., Compt. rend., 
70, 572 (3873). Renard, A., ibid., 180, 1177-9 
(1895). Harries, C., and Weiss, V., Ber., 87, 
3431-3 (1904). 

234 Cox, K., and McDermott, P. J., Brit. Pats. 
269,242 (1926), 303,991 (1927), 360,858 (1030) ; 
U. S. Pat. 1,658,285 (1928). Hatswell, F. T., 
Gas World, 88, Coking Sect., 11-4 (1928). 
Anon., ibid., 04, 26-30 (1931), 07, 125 (1932), 
102, 15-7, 41 (1935) ; Iron Coal Trades Rev., 
125. 670-1 (1932). Scott, T., Brit. Pat. 409,816 
(1932). McDermott, P. J., Brit. Pat. 413,412 
(1933). 
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first removed by a weak acid wash. The 
pyridine-free crude motor benzol is then 
preheated and pumped hot through a tower 
containing a mixture of medium and fine 
coke. The cooled material is washed with 
caustic and redistilled: a water white, gum- 
stable product results. Little or no reduc¬ 
tion in thiophene content takes place; as 
a consequence, the process is inapplicable 
to high-thiophene crudes. 

Mainz and Miihlendyck 2 ®® have de¬ 
scribed a procedure utilizing fuller’s earth 
or bleaching clay. Crude light oil is re¬ 
fluxed for 2 hours with 4 to 4.5 percent by 
weight of the adsorbent. A satisfactory 
motor fuel is distilled from the clay, in 
95 percent yield. The oil and gums re¬ 
tained in the adsorbent are driven out by 
steam distillation; the oily distillate so ob¬ 
tained may be hydrogenated and also util¬ 
ized as motor fuel. Variations in the effec¬ 
tiveness of the process with various stocks 
were noted: these were probably due to 
differences in the quantities of naturally oc¬ 
curring phenolic bodies (inhibitors) present 
in the finished products. Cox and McDer¬ 
mott previously had described a similar 
process.23fl 

Refining by vapor-phase treatment with 
activated clays has long been familiar in 
the petroleum industry (the Gray process) 
and may also be extended to coke-oven 
light oil. One interesting variant comprises 
passing a mixture of light-oil vapors and 
steam through active clay; simultaneously 
and countercurrently, a high-boiling solvent 
is allowed to percolate through the bed. 
The solvent removes some of the adsorbed, 
gummy polymers and prolongs the activity 
of the adsorbent. 2 ®7 The vapor-phase clay 

236 Mainz, H., and MUlilendyck, W., Brenn- 
atoff-Chem., 15, 361-6 (1984). 

236 Cox, K., and McDermott, F. J., Brit. Pat. 
246,210 (1924). 

287 Mandelbaum, M. B., U. S. Pat. 2,100,011 
(1937). 


treatment may be preceded, as in many 
other of the motor-fuel processes, by a 
weak sulfuric acid wash.^®® 

Active • carbon has been enumerated as 
an alternative in lists of refining adsorbents 
and carrier agents,®®® and its use in con¬ 
junction with oxidizing agents has been 
proposed.®^® 

HALOGENS, HYDROHALOGEN ACIDS, AND 
METALLIC CHLORIDES 

The reactive nature of these reagents 
makes them suitable not only in mild re¬ 
fining procedures but also in the prepara¬ 
tion of pure products, and some of the 
processes described are directed to that end. 
In general the high cost and corrosive 
nature of these reagents have discouraged 
their commercial use. 

Working with chlorine, Rabek®^^ found 
that the reagent first attacked the unsatu¬ 
rates and then the sulfur compounds, the 
aromatics remaining unchanged. Freedom 
of the product from thiophene was claimed. 
A few processes utilizing chlorine have been 
proposed, most of which usually specify 
pretreatment with a limited sulfuric acid 
wash. The chlorinated residue resulting 
from the distillation of the treated oil may 
be used as a solvent.®^® Hofmann and Wulff 
used an alcoholic solution of hydrochloric 
acid; ®®^' ®^® Universal Oil Products ®*^ em- 

2 S 8 J^omax, E, J., and Lucas, O. D., Brit. Pat. 
223,066 (1923) ; Ger. Pat. 460,472 (1928). 

280 GutolioffnungshUtte Oberhausen A.-G., Brit. 
Pat. 479,441 (1938). 

240 Kiclitor und Richter, Ger. Pats. 240,760 
(1910), 255,536 (1913). Prudhomme, E. A., 
U. S. Pat. 1,674,796 (1928). 

241 Rabek, T., Brennatoff-Chem., 11, 189-92 
(1930). 

242 Seldon Co., Brit. Pat. 290,840 (1927) ; Fr. 

Pat. 636,485 (1928); U. S. Pat. 1,729,543 

(1929). Riebeck’sche Montanwerke A.-Q., Ger. 
Pat. 442,597 (1927). 

248 Hofmann, F., and Wulff, C., Brit. Pat. 
298,484 (1928). 

244 Universal Oil Products Co., Brit. Pat. 396,- 
448 (1932). 



OXIDATION METHODS 


1223 


ployed the latter reagent in the vapor form 
in the presence of brass, copper, zinc, iron, 
and other similar materials. Hofmann and 
Stegemann^^B treated the oil with 3 to 4 
percent of hydrogen fluoride; metal halides 
such as boron fluoride might also be added. 
The reagent was readily recoverable, leav¬ 
ing a marketable pitch.^^Q 

Aluminum chloride, in addition to its 
strong polymerizing action, also induces 
condensations between the olefins and the 
aromatics, and various high-boiling ma¬ 
terials, unsuitable as motor fuel, may be 
formed. The reagent can be used in the 
preparation of pure benzol, toluol, and 
xylol.^^^ According to Kremer an equally 
good motor fuel can be obtained by treat¬ 
ment with 6 percent of 66° Baume sulfuric 
acid or by refluxing with 2 percent of alu¬ 
minum chloride for 5 hours. The aluminum 
chloride treatment is characterized by a 
much smaller process loss.^^® Ferric chlo¬ 
ride,-^® zinc chloride,-®® stannous chlo¬ 
ride,-®^ and even the halides of beryllium, 
boron, and bismuth have been proposed 

245 Hofmann, F., and Stegemaim, W., Brit. 
Pats 292,932-3 (1928). 

246 Kattwinkel, R., Teer u. Bitumen^ 20, 536 
(1928). 

247 Kopelevlch, G. V., Brodovlch, A. I., and 
Zhitonierskaya, B. N., Coke and Ghem. {U.8. 
SJt.), 3, No. 7, 50-62 (1933) ; Chimie A in- 
dustrie, 32, 316-6 (1935). 

248 Kromor, M., Petroleum Z., 27, 459-61 
(1931). 

240 Demant. J., Ger. Pat. 392,090 (1917). 

OberKchleRische Kokswerke A.-G., Ger. Pat. 394,- 
217 (1923). Brilckner, H., and Lnng, A., Brenn- 
etoff-Chcm., 10, 126-8 (1935). Carbo-Norit- 

Union Verw.-Ges., Brit. Pat. 447,533 (1935) ; 
Pr. Pnt. 787,929 (1935). 

250 Lacbmann, A., U. S. Pats. 1,790,622, 1,- 
809,170 (1931) ; World Petroleum, 5, 384-6 
(1934). 

251 Mailhe, A., Compt. rend., 181, 668-9 

(1925) ; J. ueines gaz., 51, 104-6 (1927) ; Pr. 
Pats. 610,498-9, 611,890 (1926). 

252 Hofmann, F., Dunkel, M., Otto, M., and 
Hoyn, M., Ger. Pat. 560,429 (1926). 


as refining agents; needless to say, none 
have ever become economically interesting. 

OXIDATION METHODS 

Since gum formation in light oils and 
motor benzols is believed to take place 
through an initial oxidation step, one would 
expect that oxidizing agents could be em¬ 
ployed in mild refining procedures. 

Williams and Somerville found that 
treatment with air or oxygen at 80® C and 
200 pounds pressure, preferably in the 
presence of normal caustic soda, yielded a 
product that could be redistilled to give a 
satisfactory motor fuel. DunkeP®* found 
that a 2-hour treatment with air at a 
temperature of 150® C and a pressure of 
20 atmospheres was necessary and sufficient 
to bring about practically complete poly¬ 
merization. The presence of either water 
or aqueous alkaline solutions was found to 
be immaterial. There was no reduction in 
thiophene concentration, and the product, 
dark brown in color, had to be redistilled. 
I'he same writer examined the phenomena 
attendant to passing crude light-oil vapors, 
mixed with air, over steel filings at 400 to 
600® C. A high yield of motor fuel of good 
(piality was obtained, although some oxida¬ 
tion of toluene and the higher homologs 
was observed. A practical application of 
these procedures was never made.^''*® 
Downs ®®® has devised a process which con¬ 
sists of passing a mixture of light oil in 
the, vapor phase and an oxygen-containing 
gas (air) through a catalytic mass at a 
temperature between 250 and 550° C. Va- 

253 Williams, B. C., and Somerville, P. G., 
Brit. Pat. 219,351 (1923). The National Ben¬ 
zole Association, Kept. Joint Benzole Research 
Com., 1024, p. 114. 

2.54 Dunkel, M., and Hofmann, F., Ger. Pat. 
421,909 (1923). Dunkel, M., Brennstoff-Chem., 
5. 145-9, 265-8 (1924). 

255 Rosendahl, F., ibid., 20, 66-6 (1939). 

266 Downs, C. R., U. S. Pat. 1,690,965 (1926). 
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liadium oxide is mentioned as a suitable 
catalyst. 

Although the treatment of aromatics 
with ozone is not without hazard, Bru- 
zac®®^ found that a stable, colorless deo¬ 
dorized motor fuel could be obtained by 
comparatively mild exposure. About 100 
volumes of ozonized air (8 to 10 grams of 
ozone per cubic meter) were blown, at 
atmospheric pressure and temperature, 
through each volume of benzene for a 
period not exceeding 1 hour. A brown 
precipitate was formed; this was removed 
and the treated material was washed with 
caustic and distilled. The process failed 
with some crude stocks; in all cases vapor 
losses to the treating air were large. Kel¬ 
ler removed hydrogen sulfide and hydro¬ 
gen cyanide from light oils by aeration 
after a pretreatment with gaseous or aque¬ 
ous ammonia. As a result, these impurities 
were converted to ammonium thiosulfate 
and ammonium thiocyanate, respectively. 

Purification processes have been de¬ 
scribed based on the use of weakly acid 
potassium permanganate hydrogen 

peroxide,®®^* litharge, organic per- 
acids,®*® and persulfates.®®® According to 
Herzenberg,®®® sulfur compounds are pref¬ 
erentially attacked by organic peracids and 
hydrogen peroxide, the unsaturates being 
relatively unaffected. In this connection it 
may be noted that, since the inhibitor proc¬ 
ess is not applicable to crude benzols con¬ 
taining more than 0.4 percent sulfur, as 

267 Bruzac, J. F. A., Fr. Pat. 684,618 (1929). 

258 Keller, K., Ger. Pat. 666,036 (1930) ; Ber, 
Qea. Kohlentech., 8 . 429-36 (1931). 

259 Moreau, J. L., Fr. Pat. 748,267 (1933). 

26oGulUet, O., Fr. Pat. 761,454 (1934). Kflr- 

pAti, Q., and Schay, 6., Austrian Pat. 142,584 
(1935). 

261 Kwal, B., Chimie d Industrie, 35, 1040 A 
(1936). 

262 Herzenberg, J., Brit. Pats. 424,616, 424,564 
(1933) ; Fr. Pat. 758,567 (1934) ; Erddl u. Teer, 
9 , 486-9, 448-51, 460-3 (1988). 


thiophene, there is definite need for a sim¬ 
ple and economic method of reducing the 
thiophene content of motor benzol without 
incurring a simultaneous loss of imsatu- 
rated hydrocarbons. 

Little but novelty can be claimed for the 
electrolytic oxidation procedure of Gluud 
and Loprnann.®®® A mixture of 1 to 2 parts 
of crude and 1 part of 15 to 20 percent 
sulfuric acid was vigorously agitated in an 
electrolytic cell. The extent of purification 
was a function of current density, time of 
treatment, and the nature of the material. 
The presence of constituents boiling above 
145® C seemed to have a beneficial effect 
on the degree of refining attained.®®* 

HYDROGENATION 

It is probably true that, through the 
choice of proper catalysts and ojierating 
temperatures, a hydrogenation technique 
can be employed with high-sulfur benzols 
to prepare satisfactory motor benzol in 
slightly higher yield than that of any other 
process. The increase in yield, however, 
would frequently lie very small. (With 
low-sulfur crudes the inhibitor process pro¬ 
vides a yield of 100 percent, and no other 
procedure can be economically competi¬ 
tive.) Hydrogenation is an expensive tech¬ 
nique and has not been commercially em- 
jiloyed for this purpose in America. 

Garble and Cawley ®®® have reported on 
the application of hydrogenation to high- 
sulfur crudes. Desulfurization can be ac¬ 
complished by hydrogenation at a pre.ssiire 
of 20 atmospheres and at a temperature of 
850® C, with pelleted molybdenum sulfide 

263 Gluud, W., and L5pmann, B., Ger. Pat. 
566,037 (1930). Gluud, W., Lopmanii, B., and 
Keller, K., Ber. Gea. Kohlentech., 4, 82-95 
(1931). 

264 Schuster, F., Qaa- u. Waaaerfach, 76, 649 
(1932). 

266 Carlile, J. H., and Cawley, C. M., J. 8oc. 
Chem. Ind., 57, 347-9 (1938). 
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as a catalyst. The refining losses are about 
3 percent; the octane number is reduced 
from 105 to 103. 

Very many patents have been issued for 
the purification of hydrocarbons by vapor- 
phase hydrogenation; some of these are 
particularly applicable to aromatics, either 
for pure product preparation or for mild 
refining procedures.-®” Among the cata¬ 
lysts mentioned are oxides and sulfides of 
the sixth group and various tin, vanadium, 
rhenium, manganese, zinc, cadmium, alumi¬ 
num, and cobalt compounds. Catalysts of 
the nickel type are rajiidly poisoned by 
small amounts of thiophene.-®^ 

Rostin’s hydrogenation process is novel 
in that an impurity furnishes the re- 
agent.^'^® A copper-aluminum couple reacts 
with the hydrogen sulfide present in the 
material; the resultant nascent hydrogen in 
turn reacts with the gum-forming unsatu¬ 
rates. In another variation the nascent 
hydrogen is prepared by passing hydrogen 
sulfide over silver precipitated on asbestos 
or pumice. In a later modification, hydro¬ 
genation is effected by passing the hydro¬ 
carbon vapors with hydrogen sulfide over 
freshly reduced iron at 200® to 300® C.-®^ 
In a still more recent invention, hydrogen 
sulfide is first removed and hydrogenation 
may be dispensed wdth; today the “Rostin 
process” usually refers to vapor-phase 

2001 . (J. Farbenindustrie A.-G., Brit. Pats. 
257,570* (1925), 258,570 (1920), 315,439, 327,194 
(1928), 418,941 (1933). Otto, C., and Co., G.m. 
b.ll., Fr. Pat. 677,800 (1928). Howoh, D. A., 
Norris, W. S. G. P., and Henderson, S. T., Brit. 
Pat. 343,359 (1930). Ges. Teerverwertung m.b. 
II., Ger. Pat. 641,172 (1937). Gwynn, M. H., 
U. S. Pat. 2,106,735 (1938). 

267 Kubota, B., and Yoshikawa, K., 8ci. Papers 

IfiHt. Phys. Chem. lies. (Tokyo), 3, 35-50 

(1925); Japan, J. Chem., 2. 45-62 (1925). 

Robert!, G., Gaez. chim. ital., «3, 46-9 (1933). 

268 Rostln, H., Fr. Pat. 613,101 (1925). 

269 RoBtin, H., Brit. Pat. 286,255 (1927). 

Thau, A., GlUckauJ, 71, 298-304 (1935). 
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treatment at 350® C with a finely divided 
iron ore (minette).^^® 

In the procedure of Henderson the crude 
stock is refluxed with sulfuric acid and zinc 
dust or with strong alkali and zinc. The 
oil is separated, treated with strong sul¬ 
furic acid, and finally distilled.^^i It is 
claimed that purification is brought about 
by the presence of nascent hydrogen formed 
through the reaction with the metal. Nas¬ 
cent hydrogen is also utilized by d’Her- 
court,-^- who brings the crude into contact 
with an aluminum-mercury couple. 

MISCELLANEOUS PROCEDURES 

Mansfield in 1849 was able to obtain 
quite pure benzol by freezing his crude ma¬ 
terial and pressing the crystals relatively 
free of mother liquor. It has been pointed 
out that a crystallization procedure has 
been successfully applied in this country 
in the manufacture of highly pure, reagent- 
grade benzol. Naphtali has described the 
application of this principle to the prepara¬ 
tion of motor benzol.-^® Yields are of the 
order of magnitude of 80 percent, the 20. 
percent noncrystallizable mother liquor be¬ 
ing further refined by distillation and de¬ 
structive hydrogenation. Separation of 
crystals and liquid is accomplished by cen¬ 
trifuging. Vita 2^* had previously described 
an essentially similar process. 

It has been claimed that satisfactory 
purification can be obtained by simply 
heating crude light oil under pressure, to 
temperatures in the range 100 to 
320® C.2®®* 2^® The gum-forming diolefins 

270 Than, A., Coal Carbonization, 5, 37-40 
(1939). 

271 Henderson, S. T., Brit. Pat. 350,494 (1930). 

272 d’Hercourt, M., Fr. Pat. 736,378 (1931). 

273 Schiif tan, P., Ger. Pats. 622,727, 623,837 
(1935). Naphtali, 11., Refiner Natural Gaso¬ 
line Mfr., 16. 224-6 (1937). 

274 Vita, A., Ger. Pat. 384,846 (1919). 

275 Schlesisches Kohlenforschungslnstitut der 
Kaiser-Wilhelm-Ges., Brit. Pat. 226,188 (1923). 
Schmidt, H., Ger. Pat. 602,034 (1934). 
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are polymerized while the aromatics and 
monoolefins remain unchanged. A light sul¬ 
furic acid wash (to remove pyridine) pre¬ 
cedes the heat treatment, which is carried 
out in suitable autoclaves. This process 
differs from most of the others described 
in this section in that it is simple and eco¬ 
nomically feasible. Riihl recommended a 
modification involving the use of catalytic 
bodies during the heat-pressure polymeri- 
zation.2^® 

Ultraviolet light and electric dis¬ 
charges might be expected to have some 
effect, and their use has been patented for 
hydrocarbon refining. 

According to Uloth,2T» a satisfactory 
motor fuel, stable to light and free of gum- 
formers, may be obtained by adding 1.5 
percent of sulfur and heating for 2 hours 
at 230® C in an autoclave. In addition to 
sulfurheavy metal sulfides such as iron 
sulfide*®^ and copper sulfide 2 ®^ have been 
proposed as refining agents. 

Many processes are based on the use of 
acidic substances, A partial list would in¬ 
clude: oleic acid followed by sulfuric 
acid,2®® phenols and cresols,-®^ maleic acid 
and maleic anhydride,-®® paraffin monocar- 

278 RilM, Q., Brennatoff-Ohem., 18, 413-20 
(1937), 19. 1-12 (1938). 

277 Goltstein, B., Brit. Pat. 249,895 (1924). 
Davis, R. P., U. S. Pat. 1,661,806 (1925). Mc¬ 
Connell, J. R., U. S. Pat. 1,690,841 (1926). 
Bruzac, J. P. A., Pr. Pat. 766,060 (1934). 

278 Thomas, D. L., U. S. Pat. 1,685,573 (1926). 
Chem. Pabrlk Libenla Q.m.b.H., Ger, Pat. 496,- 
271 (1927). I. G. Farbenlndustrie A.-G., Brit. 
Pat. 409,818 (1932). 

279 Uloth, R., Brennatoff-Ohem., 10, 297-301 
(1929). 

280 Bgloff, G., U. S. Pat. 1,896,227 (1933). 
Higgins, B. C., Jr., and Gardner, P. J., U. S. 
Pat. 1,977,631 (1934). 

281 Pschorr, R., Ger. Pat. 380,069 (1928). 

282 Kiemstedt, H., Ger. Pat. 640,204 (1936). 

28sPetroir, G., Brit. Pat. 291,823 (1927). 

284 Gutehoffnungschiitte Oberbausen A.-G., Pr. 
Pat. 829,221 (1938). 

28 a I. G. Parbenindustrle A.-G., Brit. Pat. 352,- 
164 (1930). 


boxylic acids,®®® boric acid,®®^ pyrosul- 
fates,®®® nitric acid followed by sulfuric 
acid,®®® and chlorosulfonic acids.®®® Alde¬ 
hydes,®®^ aldehyde polymerides, or sub¬ 
stances which produce aldehydes in the 
presence of polymerizing agents may be 
used as refining reagents, the impurities 
containing sulfur being precipitated in an 
insoluble form. Diametrically opposed in 
expense as reagents are alkaline dust ob¬ 
tained from blast-furnace slag®®® and the 
alkali metals.®®® It may be noted here that 
inhibitors are frequently used in mild re¬ 
fining procedures, the addition of the in¬ 
hibitor being the final step of the process. 

Supplementary and Alternative 
Refining Methods 

In both pure products and motor-fuel 
refining it is sometimes desirable to intro¬ 
duce a purification step directed more or 
less emphatically at one particularly ob¬ 
noxious compound. Such processes, usually 
isolated parts of a more general and com¬ 
prehensive refining scheme, can be conven¬ 
iently grouped and enumerated in definite 
classes according to the specific impurity 
involved. Thus we have methods for the 

286 Deutsche Erdol A.-G., Ger. Pat. 352,917 
(1922). 

287 Jaeger, A., Brennatoff-Ohem., 4, 260-1 
(1923). Kattwinkel, R., ibid., 8, 353-8 (1927). 
Comic, Y., Pr. Pat. 724,324 (1932). 

2 k 8 Plauson’s Forschungsinstitut (J.m.b.H., Ger. 
Pat. 362,189 (1922). 

289Heii8e, R., Pr. Pat. 618,302 (1927). 4^oci<5t€ 
II/II Oil Co., Akts., Ger. Pat. 691,430 (19.30). 

290 Shepard, A. P., and Henne, A. L., Ind. 
Bng. Chem., 22, 366-7 (1930). Oranienburger 
chem. Pabr. A.-G., Ger. Pats. 694,555, 600,251, 
605,802 (1934). 

291 Ormandy, W. R., and Craven, E. C., J. 
Inat. Petroleum Tech., 10, 99-100 (1924). A. 
Riebeck’sche Montanwerke A.-G., Ger. Pat. 439,- 
608 (1927). Morgan, G. T., and Pettet, A. E. J., 
Brit. Pat. 397,847 (1933). 

292 Rochling’sche Risen- und Stahlwerke G.m. 
b.H., Ger. Pat. 654,826 (1987). 

298 Hatz, H., Ger. Pats. 874,928 (1920), 886,- 
761 (1922), 
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elimination of carbon disulfide, thiophene, 
mercaptans, etc. 

CARBON DISULFIDE 

The removal of carbon disulfide is fre¬ 
quently mandatory in the successful appli¬ 
cation of the inhibitor motor-fuel process; 
in American practice the separation is uni¬ 
versally accomplished by efficient fractional 
distillation. In British practice, before the 
use of forerunnings strippers became com¬ 
mon, emphasis was placed on chemical pro¬ 
cedures and two interesting methods were 
employed on a large scale: the ‘"methanol- 
soda” 294 and the “ammonium polysulfide” 
processes. 

In the former, use is made of the reac¬ 
tion: 

NaOH + CHaOH + CSo 

NaSCSOCHn + H^O 

which is a practical adaptation of the ethyl 
alcohol-potassium hydroxide reagent long 
used by analysts for the estimation of car¬ 
bon disulfide. Methyl alcohol, unlike ethyl 
alcohol, forms no azeotrope with water, and 
its recovery in high concentration by frac¬ 
tional distillation materially contributes to 
the practical utility of the process. The 
treatment with the reagent is usually car¬ 
ried out in a standard acid-washing agita¬ 
tor, most conveniently immediately after 
any washing step. The reciuisite amount of 
95 percent methanol, the exact quantity 
being a function of the carbon disulfide 
concentration, is added to the benzol; this 
is followed by the slow addition of solid 
flake caustic soda, agitation being con¬ 
tinued throughout. After 2 or 3 hours of 
agitation and reaction, the xanthate is ex- 

294 Hoffert, W. H., and Hancock, B. G., Brit. 
Pats. 416,404, 428,931 (1933). Wikner, S. W. 
A., and Richardson, B., Oas J., 206, 659-67 
(1934). Hoffert, W. H., Claxton, G., and Han¬ 
cock, B. G., J. Soc. Chem. Ind., 54, 239-46T 
(1985). Adam and Anderson, ref. 8. 


tracted by washing the mixture two or 
three times with water. The washed ben¬ 
zol is then redistilled. The aqueous resi¬ 
dues are neutralized with sulfuric acid 
under carefully controlled conditions and 
fractionally batch-distilled. Both the neu¬ 
tralization and distillation steps are accom¬ 
panied by the evolution of noxious gases, 
mostly hydrogen sulfide, and in increased 
quantity if the residues have been stored 
for any length of time. The overall effect 
of the regeneration step is to recover about 
85 percent of the methanol originally em¬ 
ployed in a form suitable for reuse; in ad¬ 
dition about 60 percent of the carbon di¬ 
sulfide removed is recovered as a nearly 
colorless distillate containing approximately 
90 percent of carbon disulfide. 

In the ammonium polysulfide process 
the removal of carbon disulfide is accom¬ 
plished by agitating the benzol in a stand¬ 
ard washer with a reagent consisting of ap¬ 
proximately equimolecular proportions of 
ammonium disulfide, ammonium sulfide, 
and free ammonia. The benzol is usually 
washed first with a once-used reagent, 
which is then suitably separated and the 
operation repeated with a portion of fresh 
reagent. A final wash with water com¬ 
pletes the process, no redistillation of the 
treated oil being necessary. The spent re¬ 
agent is regenerated by simple distillation. 
Some of the reactions that take place may 
be: 

Absorption: 

(NH4)aS2 + eSa = (NH4)2CS4 
(NH4)2S + CS 2 - (NH4)2CS3 

Regeneration: 

(NH4)2CS4 -4 2 NH 2 4- eSa + HaS + S 

The reagent is prepared by passing hy¬ 
drogen sulfide in suitable quantity into a 

295 Yorkshire Tar DistiUers Ltd., Brit. Bat. 
419,312 (1933). 
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suspension of sulfur in aqueous ammonia. 
During regeneration, after removal of the 
carbon disulfide (which appears first), the 
liberated ammonia and hydrogen sulfide 
are absorbed in water as a solution of am¬ 
monium sulfide, the sulfur remaining in the 
still. The sulfur residue is redissolved by 
circulating the ammonium sulfide solution 
through the heated kettle. When solution 
of the sulfur is complete, ammonia is added 
and the reagent is again ready for use, the 
addition of fresh hydrogen sulfide being 
usually unnecessary. Part of the success¬ 
ful application of this process was due to 
the marketing policy of the owners; both 
the preparation of fresh reagent and the 
regeneration of spent material were carried 
out at a central plant. 

Actual commercial utilization of chemi¬ 
cal processes seems to be restricted to the 
two described above. A variety of others 
have been proposed, namely: agitation at 
65 to 68® C with a 10 percent solution of 
caustic soda,®^*^ treatment with alkali cel¬ 
lulose,^®^ treatment with aqueous ammo- 
nia,229,298 and aqueous solutions of ammo¬ 
nia and caustic soda,-®® extraction with 
cold solutions of alkaline-earth disulfides,-*®® 
and heating in an autoclave with aqueous 
caustic soda or an alkaline earth.®®^ Some¬ 
what more promising are the recent appli¬ 
cations of organic reagents such as piperi- 
dene,®°2 piperidene pentarnethylenedithio- 

2 »6Wilsou, J. A., Gas World, 6», No. 1794, 
Coking Sect., 13-5 (1918) ; Qaa J., 144, 465-7 
(1918) ; Brit. Pat. 14,152 (1916). 

297 Kipper, H. B., U. S. Pat. 1,253,048 (1917). 

298 Thompson, J. E., U. S. Pat. 1,276,284 
(1918). 

299 Sontag, B. D., U. S. Pat. 2,165,732 (1939). 

300 Forwood, G. F., and Taplay, J. G., Brit. 
Pat. 129,349 (1917). Colman, H. G., and Yeo¬ 
man, E. W., Brit. Pat. 145,099 (1918). Klalber, 
W. J., U. S. Pat. 1,785,416 (1930). 

301 Gewerkschaft Mathias Stinnes, Brit. Pat. 
426,938 (1934). 

802 Belford, J. S., Brit. Pat. 463,340 (1936). 


carbonate in the presence of magnesium 
oxide,®®® and morpholine.®®* 

THIOPHENE 

If the forerunnings, and thereby all the 
carbon disulfide and hydrogen sulfide, are 
carefully removed from coke-oven light oil 
and the total sulfur content of the follow¬ 
ing benzol, toluol, and xylol fractions de¬ 
termined, it is found that the distribution 
of sulfur compounds is substantially uni¬ 
form throughout the light oil. Almost all 
the sulfur in the benzol fraction exists as 
thiophene; there is some evidence to indi¬ 
cate that the sulfur compounds in the tol¬ 
uol and xylol fractions are the correspond¬ 
ing homologs of this compound. Disulfides, 
sulfides, and mercaptans are quite unstable 
at the temperatures of coke-oven atmos¬ 
pheres and readily decompose to hydrogen 
sulfide, thiophene, and thioi)hene deriva¬ 
tives. Accordingly, the disulfide, sulfide, 
and mercaptan content of crude high-tem¬ 
perature coke-oven light oils is vanishingly 
small. Thiophene, by contrast, is com¬ 
pletely stable at 870® C and perhaps 
higher. • 

Thiophene removal is often imi)ortant in 
the production of motor fuel and, by defi¬ 
nition, mandatory in the preparation of 
thiophene-free pure benzol. The two prob¬ 
lems are, however, essentially difTerent. 

The motor-fuel manufacturer, working 
with high-sulfur crudes, is interested only 
in a reduction of thiophene content suffi¬ 
cient to meet sulfur specifications. Fur¬ 
ther, this is to be accomplished with the 
minimum concomitant destruction of un¬ 
saturates. The pure benzol refiner, on the 
other hand, finds it necessary to reduce the 
thiophene concentration to 0.0005 percent 

soaParkes, D. W., and Mitchell, C. D., Brit. 
Pat. 467,581 (1935) ; J. 8oc. Cliem. Ind., 67, 
113-6 (1938). 

804 Schulze, W. A., U. S. Pat. 2,046,057 (1936). 
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('^thiophene-free'') or less. Present-day 
nitration benzols, refined in the ordinary 
manner, without special treatment, may 
contain from 0.005 to 0.015 percent of thio¬ 
phene. This seemingly small quantity rap¬ 
idly poisons the nickel-type catalysts used 
m such processes as the hydrogenation of 
benzene to cyclohexane and introduces 
complications in the manufacture of dye 
intermediates. Since unsaturates must, by 
specification, be completely removed from 
pure benzols, it is necessary only that the 
reagent used should not significantly attack 
aromatics and that the process be other¬ 
wise economically feasible. 

Physical means of thiophene removal 
have met with little success. Although 
thiophene forms no azeotrope with ben- 
zene,®°® the small difference in the boiling 
points of benzene and thiophene and the 
low initial concentration of thiophene would 
lead one to expect that purification by 
fractional distillation would require very 
effective equipment; in practice this pre¬ 
diction is realized, and it is found that no 
significant separation can be obtained in 
conventional apparatus. Crystallization is 
unfortunately not readily applicable. Al¬ 
though isomorphism does not exist between 
benzene and thiophene, there is a strong 
.similarity in form and in the dimensions of 
the elementary cell; accordingly, the phase 
diagram exhibits a continuous series of solid 
.solutions (isodimorphism). 

Although many chemical processes have 
been proposed, sulfuric acid washing-’’®’^ so 

3or. Swigtowslawski, W., and UBaklewicz, J., 
Rocsniki Chem., 13, 495-9 (1933). 

300 Patorno, E., Oazz. chim. ital., 19, 640, 666 
(1889). Bechmann, E., Z. phyaik, Chem., 22, 
009-18 (1897). Tsakalotos, D. B., and Guye, 
P. A., J. chim. phya., 8, 340-67 (1910). Bruni, 
(J. and Natta, (i., liec. trav. chm., 48, 860-3 
(1920). 

307 Meyer, V., Ber., 15, 2893-4 (1882), 16, 
1465-78 (1883). Bllerton, J. G., J. 8oc. Chem. 
Ind., 81, 10-2 (1912). Wood, A. B., Lowy, A., 


far represents the most feasible procedure 
and is the only method widely employed. 
In motor-benzol refining, since the unsatu¬ 
rates are also destroyed, it is desirable to 
use only enough acid to effect the desired 
reduction in thiophene content. Within 
limits, the same yield of motor fuel will be 
obtained for a given removal of thiophene, 
irrespective of the quantity and strength 
of acid used to effect this removal . 2 ® The 
mechanism of thiophene removal seems to 
depend upon the condensation of thiophene 
with unsaturates,2^ and the extent of puri¬ 
fication obtained with any given treatment 
will depend upon the nature and quantity 
of the unsaturates present. The amylenes 
are particularly effective. Some workers 
have suggested the addition of cyclopenta- 
diene to the light oil or benzene before 
washing.®®® In removing the trace quanti¬ 
ties involved in refining nitration benzol to 
"thiophene-free" grades, it is found that 
only the most concentrated acids are effec¬ 
tive. Fuming sulfuric acid is frequently 
used. 

The use of anhydrous aluminum chloride 
was suggested as early as 1894.®®® None of 
the processes ®^® subsequently developed 
have found commercial utilization. In the 
reaction between thiophene and aluminum 
chloride, a reddish viscous sludge is formed 
which tends to adhere to the surface of the 
aluminum chloride. Anhydrous conditions 
are necessary as very small quantities of 
water seriously reduce the effectiveness of 

and Faragher, W. F., Ind. Eng. Chem., 16, 
1116-20 (1924). Wood, A. B., Sheely, C., and 
Trusty, A. W., ibid., 18, 169-71 (1926). 

308 Kopelpvich, G. V., and Brodovlch, A. I., 
Russ. Pat. 39,096 (1934). 

aoo Soc. anon, des niati^res colorantcs de St. 
Denis, Fr. Pat. 240,111 (1894) ; Ger. Pat. 79,505 
(1894). 

310 Haller, A., and Michel, B., Bull. aoc. chem., 
15, 390, 1066-70 (1896). Heusler, F., Z. angeio. 
Chem, 9, 288, 318, 750 (1896) ; Brit Pat. 4,769 
(1897). 
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the reagent. Holmes and Beeman®^^ rec¬ 
ommended successive treatments at the 
moderate temperatures of 25 to 35° C, in 
the belief that the aluminum chloride acts 
in the dual capacity of chemical reagent 
and physical absorbent, the latter function 
being considered to be impaired at higher 
temperatures. A redistillalion of the ben¬ 
zol should be carried out between successive 
treatments with aluminum chloride. Chlo¬ 
rination by use of gaseous chlorine or an 
aqueous solution has also been proposed.-^^- 
Large benzene losses are experienced. 

The mercuration of thiophene is rela¬ 
tively easy, and many attempts have been 
made to exploit this reaction, as the basis 
of a suitable analytical method.^^** Unfor¬ 
tunately, this procedure fails to give relia¬ 
ble results in the presence of unsaturates, a 
disadvantage shared with methods based on 
the familiar isatin reaction.-’*’^ Ardagh and 
Furber found that benzene could be effec¬ 
tively freed of thiophene by refluxing with 
a mixture of mercuric oxide and stearic 
acid.'^^® The costly reagent limits this proc¬ 
ess to the la])oratory. The substitution of 
zinc oxide, magnesium oxide, and lead oxide 
gave negative results. 

The invention of Ardagh and Bowman 

811 Holmes, H. N., And Beeinan, N., Jnd. Kng 
Chem., 20, 172-4 (1934). 

312 Willgerodt, C., J. prakt. Chem., (3), 33, 
479 (1880). Dutt, P. K., and Hamer, J. P., 
Brit. Pat. 117,083 (1917). Hamer, ,T. D., Gas 
World, 68. No. 1763, Coking Sect., 13-6 (1918). 

313 Denig^s, G., Bull. soc. chim., 13. 537-40 
(1895), 15, 862-71, 1064-5 (1896). Dimroth, 
0., Ber., 32, 758-65 (1899), 35, 2032-46 (1902). 
PaoBni, V., Gagz. ohim. ital., 37, I, 68 (1907). 
Paoliiil, 0., and Silberman, B., Ann. chim. appli- 
cata., 4, 289 (1916). Spielmann, P. E.. and 
Schotz, S. P., J. Soc. Ohem. Ind., 38, 188-90T 
(1919). 

814 Schwalbe, C., Chem.-Ztg., 29. 896-6 (1906). 
Meyer, A., Oompt. rend., 160, 1402-4 (1919). 

815 Ardagh, B. G. R., and Furber, C. M., J. 
Boc. Chem. Ind., 48, 73-6T (1929). 

816 Ardagh, E. Q. R., and Bowman, W. H., 
ibid., '64, 267-8T (1986). Ardagh, B. O. R., 


seems to possess the requirements of a suc¬ 
cessful commercial process. Complete re¬ 
moval of thiophene is obtained by agitation 
for 15 minutes at room temperature with a 
mixture of calcium hypochlorite and acetic 
acid in the mole ratios of thiophene, 1; hy¬ 
pochlorite ion, 5; acetic acid, 16. The ben¬ 
zene layer (colored greenish yellow) is 
w'ashed with alkali and fractionally dis¬ 
tilled. The active agent is hypochlorous 
acid; sodium hypochlorite alone is without 

effect 

The removal of thiophene can be effected 
by hydrogenation using such catalysts as 
nickel and cobalt oxides,molybdenum 
trioxide, zinc oxide,and an equimolecu- 
lar mixture of cobalt sulfide and molybde¬ 
num oxide.'^-*^ Rapid poisoning of the cata¬ 
lyst occurs. Hydrogenation (with nickel 
catalysts) is relatively more efficacious in 
the removal of mercajitans and sulfides.®^! 
Favorable claims have been made for the 
following: treatment with bromine; •‘-- 
eondensation with formaldehyde, acetalde¬ 
hyde, and i)hthalic anhydride; treat¬ 
ment with alkaline jiermanganate; heat¬ 
ing to 1,()()()° F m the presence of an inert 
gas; treatment wilh iron hydroxide; 
autoclaving; va])or-j)hase oxidation,-’-’'*’ 

Bowman, W. II.. and Wentherburn, A. S., ihid., 
.59. 27 8 (1940). 

317 Wood, A. E., Green, A. R., and Provine, 
R. W., Ind. Eng. Chvm., 18, 823-6 (1926). 

318 Orlov, N. A., and Broun, A. S., Khim. 
Tverdugo Toplhm, 3, 817-24 (1932). 
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322 Meyer, V., and ^tadler, O., Ber., 18, 1488- 
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324 Donath, R., and Pltz, H., J. prakt. Chem., 
60, 574-6 (1899). 

326 Evans, O. B., Brit. Pat. 112,878 (1917). 

826 Ree8ou, J. N., and Moss, W. L., Brit. Pat 
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treatment with anhydrous hydrogen io¬ 
dide,*^8 and reduction with carbon monox¬ 
ide.®*® Effective thiophene removal is also 
claimed in many of the motor-fuel-refining 
processes previously described. 

Analytical Methods 

Recent compilations of analytical proce¬ 
dures useful in the light-oil industry are 

828 Nellensteyn, F. J., Chem. Weckhl<id, 24, 
102-5 (1927). 


those of Glowacki and of Altieri, both of 
which give in detail the various procedures 
that have been developed.®*® 

820 Cawley, C. M., J, Jnst Petroleum Tech., 
28, 209-12 (1937). 

830 Glowacki, W. L., The Determination and 
Examination of Light Oil* in Gas, Am. Gas 
Assoc., New York, 1941, 40 pp.; Proo. Am. Qae 
Assoc., 1941, 449-60. Altieri, V. J., Gae Chem¬ 
ists* Book of Standards for Light Oil and Light 
Oil Products, Am. Gas. Assoc., New York, 1943, 
352 pp. 



CHAPTER 29 


REMOVAL OF MISCELLANEOUS CONSTITUENTS FROM COAL GAS 

Alfred R. Powell 
Koppera Company, Pittsburgh, Pennsylvania 


In other chapters of this book the subject 
of removal of various constituents from 
coal gas has been discussed in some detail. 
The constituents so discussed include ni¬ 
trogen compounds, such as ammonia and 
hydrocyanic acid (Chapter 27), sulfur com¬ 
pounds, such as hydrogen sulfide and or¬ 
ganic sulfur (Chapter 26), and the mixture 
of hydrocarbon and other vapors known as 
‘‘light oil” (Chapter 28). Of less relative 
importance are processes for the removal 
from coal gas of various other constituents, 
and the application of extraction processes 
to them in coal gas is not universal by any 
means. Removal of naphthalene is fairly 
common, but planned and systematic re¬ 
moval of the other constituents is rare. In 
the present chapter, processes for removal 
of the following constituents are discussed: 
(1) naphthalene; (2) indene, styrene, etc.; 
(3) ethylene; (4) hydrogen; (5) carbon 
monoxide; (6) nitric oxide; and (7) water 
vapor. 

As in all other extractions of compounds 
from gas, the incentive for carrying on the 
process may be included in one of three 
classes: (1) the removed constituent is ob¬ 
jectionable if left in the gas; (2) the re¬ 
moved constituent is a useful byproduct; 
or (3) a combination of 1 and 2. The mat¬ 
ter of the incentive will be discussed under 
each subject. 


Removal of Naphthalene 

Naphthalene is formed in relatively large 
quantities during high-temperature carboni¬ 
zation of coal, but in much smaller quan¬ 
tity or not at all at low carbonization 
temperatures. However, since coal gas is 
produced commercially almost universally 
at high carbonization temperatures, naph¬ 
thalene is one of the chief compounds com¬ 
ing over with the volatile products from 
the carbonization chamber. 

The boiling point of naphthalene is quite 
high (218® C), and its vapor pressure is 
relatively low at the temperature of the 
condensation system of a coal-gas plant, so 
that it is almost entirely condensed with 
the tar. The large amount of naphthalene 
coming from the high-temiierature carboni¬ 
zation of coal can be well illustrated by the 
fact that tar contains in the order of 10 
percent of naphthalene, by far the largest 
percentage of any single chemical com¬ 
pound present m coal tar.^ 

Because of this relatively high percent¬ 
age of naphthalene in coal tar, the 
amount of naphthalene remaining m the 
gas as vapor is not very far removed from 
the saturation point, and, as the gas is fur¬ 
ther cooled, the saturation point is finally 
reached. This is illustrated by the fact 

1 Weiss, J. M., and Downs, C. R., Ind. Eng. 
Chem., 15, 1022-3 (1023). 
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that there is usually a scum of naphthalene 
crystals on the surface of the cooling water 
coming from a direct final cooler. 

However, the most serious effect of naph¬ 
thalene in coal gas is its tendency to deposit 
as crystals of solid naphthalene in the gas- 
distribution system as the gas is carried to 
lower temperatures after leaving the plant. 
Such solid deposits may gradually grow in 
size until gas pipes of the distribution sys¬ 
tem are filled at certain points and stop¬ 
page of gas flow may result. Because of 
this phenomenon the vapor pressure of 
naphthalene at different temperatures is 
of more than ordinary importance, and 
various determinations have been made by 
different investigators, using coal gas as the 
carrying medium. 

The quantity of naphthalene required to 
saturate coal gas at definite temperatures 
has been determined by both Allen - and 
Schlumberger,^ and was later carefully 
checked by Thomas The determinations 
of Thomas are in substantial agreement 
with data used today. Thomas found that 
the quantity of naphthalene required to 
saturate dry coal gas at a pressure of 760 
millimeters depended on the temperature 
as shown in Table I, The equivalent va¬ 
por pressures of naphthalene are in reason¬ 
ably close agreement with vapor-pressure 
data for naphthalene as determined by 
other and more accurate methods used 
more recently. 

The completeness of removal of naph¬ 
thalene from coal gas before the gas can be 
distributed with no fear of solid deposits 
coming out in the distribution system is 
determined by the minimum temperature 
to which the gas will be subjected during 

2 Allen, R. W., J. 8oc. Chem. Ind., 19, 209-13 
(1900). 

8 Sehlumberger, E., J. Qasheleucht., 515, 1257— 
60 (1912). 

4 Thomas, J. S. G., J. SoO. Chem. Ind., 35, 
606-13 (1916). 


TABLE I 

Naphthalene Saturation op Coal Gas^ 
Equivalent Vapor 

Temperature Naphthalene Pressure 


grains per 100 millimeters of 


°c 

cubic feet of gas 

mercury 

0 

1.85 

0.0056 

5 

3.26 

0.0101 

10 

5.59 

0.0175 

15 

9.39 

0.0300 

20 

15.5 

0.0505 

25 

25.2 

0.0835 

30 

40.3 

0.136 

40 

98.5 

0.344 

50 

227 

0.815 

60 

497 

1.84 


its travel in the mains and service pipes. 
For example, if it is known that the gas 
will never reach a temperature as low as 
10® C, then removal of the naphthalene 
down to 6 grains per 100 cubic feet would 
be sufficient, since this quantity would cor¬ 
respond to a naphthalene dew point below 
10® C. Usually an attempt is made to 
lower the naphthalene content to 3 grains 
or less per 100 cubic feet, and under cold- 
weather conditions the amount left in the 
gas before distribution may be as low as 1 
grain per 100 cubic feet to insure absence 
of stoppages due to deposited naphthalene. 

Since the amount of naphthalene present 
in coal gas after ordinary condensation 
methods have been applied to the gas is of 
the order of 15 to 50 grains per 100 cubic 
feet, the efficiency of removal in order to 
make the coal gas safe for distribution must 
be about 90 percent or higher. It should 
be emphasized that the purpose of removal 
is entirely to prevent distribution trouble 
and not for recovery of naphthalene as a 
byproduct. 

In various textbooks and special articles 
there have been presented the general prin¬ 
ciples and descriptions of processes for re- 



1234 REMOVAL OF MISCELLANEOUS CONSTITUENTS FROM COAL GAS 


moval of naphthalene from gas.®' 

10,11 Methods for naphthalene removal 
may be classified into four general groups: 
(1) condensation by cooling; (2) absorp¬ 
tion by solvents in a washer or scrubber; 
(3) application of solvents, either in liquid 
or vapor form, to the gas-distribution 
mains; and (4) adsorption by solids. 

The first three, at least, of these proc¬ 
esses apply to a limited extent in normal 
manufacture of coal gas or other manufac¬ 
tured gas, even though removal of naph¬ 
thalene is not specifically sought. Thus, 
coal gas is always cooled after leaving the 
ovens or retorts, and considerable condensa¬ 
tion of naphthalene occurs during this op¬ 
eration. Coincident with the cooling, the 
condensation of tar is accompanied by 
some absorption of naphthalene by the tar. 
Also, later in the gas-distribution system, 
certain oils condense from the gas and 
carry naphthalene in solution as they run 
to the drip collecting points. If it were not 
for these ^^natural” or coincidental proc¬ 
esses that remove a portion of the naph¬ 
thalene from the gas, deposition of naph¬ 
thalene in the gas-distribution system would 
be a major problem and it would be neces- 

6 Meade, Alwyne, Modern Oaa Works Prac~ 
tioe, Benn Bros., London, 1921, pp. 4G0-7G. 

6 Morgan, J. J., American Gas Practice, Vol. 
1, Jerome J. Morgan, Maplewood, N. J., 1931, 
pp. 714-44, 773-7. 

7 Gluud, W., and Jacobson, D. L., Interna¬ 
tional Handbook of the By-Product Coke In¬ 
dustry, Chemical Catalog Co., New York, 1932, 
pp. 672-5. Pacific Coast Gas Association, Gas 
Engineers* Handbook, McGraw-Hill Book Co., 
New York, 1934, pp. 447-63. 

8 Sperr, F. W., Jr., Recent Progress in Science 
in Relation to the Gas Industry, American Gas 
Association, New York, 1926, Chapter XI. 

9 Jacobson, D. L., and Carvlin, G. M., Proo, 
Am. Gas Assoc., 11182, 1028-9. 

10 Powell, A. B., Selective Removal of Liquid- 
Phase Gum-Formers and Naphthalene by Oil 
Scrubbing, American Gas Association, New York, 
1935. 

11 Schwarz, S. C., Proc. Pacific Coast Gas 
Assoc., 18. 290-800 <1927). 


sary to install removal equipment in all 
coal-gas plants. As it is, however, many 
gas operations are able to control naph¬ 
thalene within fairly reasonable limits by 
proper attention to the normal cooling op¬ 
erations; others must, of necessity, install 
special equipment for satisfactory removal 
of the naphthalene. 

Condensation by Cooling. If coal gas is 
cooled in the plant to a temperature that 
is equal to or less than the lowest tempera¬ 
ture to which it will be subjected in the 
distribution system there will be no depo¬ 
sition of naphthalene in the gas lines. In 
most gas plants this is not possible without 
providing artificial refrigeration. In rare 
cases, large volumes of cold cooling water 
are readily available, and efficient removal 
of naphthalene may be secured without 
trouble. However, it is quite generally rec¬ 
ognized today that the conditions of con¬ 
densation have much to do with efficient 
removal of naphthalene and that, with the 
same amount of cooling water at equal 
temperatures, quite different removal effi¬ 
ciencies may be attained, depending on how 
the cooling is carried on. 

“Shock,or quick, condensation is fa¬ 
vored over slow condensation when maxi¬ 
mum naphthalene removal is desired. The 
relationship of this speed of cooling to 
naphthalene removal has been discussed by 
Haug,^2 who explained slow condensation 
as that taking place in two or more stages 
with the condensate removed after each 
stage, whereas “shock” condensation takes 
place in one stage with the condensed liquids 
carried along in the gas stream until con¬ 
densation is complete. This fine mist con¬ 
tains condensed tar, and the intimate con¬ 
tact between the tar mist and the gas per¬ 
mits the tar to act as a fairly efficient 
naphthalene solvent. The greater efficiency 

12 Haug, J. S., Proc. Am. Gas AsSoo., 1926. 
1165-78. 
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of the method of condensation for 

removal of naphthalene has been borne out 
in practice at a small gas plant and by 
other more extensive tests made with dif¬ 
ferent speeds of condensation.^* 

In coal-gas manufacture, it is quite com¬ 
mon pr^tice to secure final cooling of the 
gas by direct contact with water. Usually 
this water is recirculated, being recooled 
before entering the final gas cooler by con¬ 
tact with flowing air in a cooling tower. 
The condensed naphthalene comes to the 
surface of this water as a scum and is usu¬ 
ally skimmed off the surface as the water 
rests in a sump. The circulating cooling 
water may be kept in a much more naph¬ 
thalene-free condition by washing it with 
some naphthalene solvent, such as certain 
oils or tar, before the water enters the cool¬ 
ing tower.’® 

In addition to the normal condensation 
operations in coal-gas manufacture, various 
proposals and attempts have been made to 
apply low-temperature cooling io the gas, 
not only for more complete removal of 
naphthalene but also for removal of other 
constituents. One of the most complete 
and recent of these developments is the 
Lenze process. The theory and experimen¬ 
tal data related to this process were de¬ 
scribed in 1926,^® and several years later 
more complete descriptions of the process, 
including operating data from several plants 
in Europe, were published.” 

In the Lenze process, coal gas is freed of 
the larger portion of its content of naph¬ 
thalene, water vapor, tar, and ammonia by 
washing with a spray of 4 to 6 percent am¬ 
is Sebald, H. A., Gas Age-Record, 50, 876 
(1922). 

14 Prater, T. H., Gas J., 173, 544-7 (1926). 

15 Heinrich Hoppers A.-G., Brit. Pats. 336,484 
(1929), 357,801 (1930). 

16 Lenze, F., and Rettenmaier, A., Ga»~ u. 
Wasserfach, 60, 689-91 (1926). 

17 Lenze, F., and Rettenmaier, A., ihid., 74, 
1169-72 (1931) ; Gas J.» 107, 130-42 (1932). 


monia liquor cooled to 0 to -6* C. This is 
followed by a water wash of the gas at 
0*0. One of the features of the Lenze 
process is that the necessary refrigeration 
for carrying on the process is secured by 
utilizing waste heat, such as the sensible 
and latent heat of the hot coal gas leaving 
the carbonization chambers. By this proc¬ 
ess the naphthalene content of the gas is 
reduced to about 2 grains per 100 cubic 
feet. Several detailed descriptions of the 
Lenze and similar processes have been pub¬ 
lished, including a description of the instal¬ 
lation at Mainz,the installation at Wurz¬ 
burg,^® and another plant that combines 
pressure with the refrigeration primarily 
for the recovery of light oil.^° 

Absorption by solvents in a washer or 
scrubber is by far the most common com¬ 
mercial method for naphthalene removal, 
especially in America and England. It 
lends itself easily to positive control of the 
naphthalene content of the send-out gas, 
practically no attention or labor is required, 
and the equipment is most economical in 
operation. 

Where light oil is recovered from coal 
gas by washing with a solvent oil, such as 
petroleum wash oil or a tar oil, there is a 
considerable incidental removal of naphtha¬ 
lene. This will not be discussed here since 
the subject of light-oil removal is covered 
in Chapter 28. However, in many coal-gas 
lilants efficient removal of naphthalene is 
sought either with or without recovery of 
light oil, and this requires a technique of 
scrubbing quite different from that used 
for light oil. 

The theory involved in the absorption of 
naphthalene from gas by the use of soi¬ 
ls pippig, H., Gae- u. Wasserfach., 77, 846-9 
(1934). 

le Schon, E., ihid., 81, 870-7 (1938). 

20 Wucherer, J., ihid., 78, 118-21 (1936). 
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vents has been quite extensively discussed 
in several publications. One of the most 
extensive studies of this matter has been 
made by Spelce,*! who not only discussed 
the matter of equilibrium relationships in 
the absorption of naphthalene by petroleum 
oils but also gave the results of tests on 
velocity of absorption with packed towers, 
bubble-cap columns, etc. Powell also 
discussed in some detail the theoretical con¬ 
siderations involved in removal of naph¬ 
thalene from gas by solvents, with special 
emphasis on selectivity of removal in the 
presence of various light-oil hydrocarbons. 
Morgan ® gave a good resume of the theo¬ 
retical principles of naphthalene absorption 
by solvents. 

In general, absorption of naphthalene 
from gas by solvent oils requires contacting 
of the gas with a very small quantity of 
the oil. Whereas absorption of light oil re¬ 
quires 10 to 15 gallons of wash oil per 1,000 
cubic, feet of gas, efficient absorption of 
naphthalene requires only 0.01 to 0.10 gal¬ 
lon per 1,000 cubic feet. In fact, where the 
selective absorption of naphthalene is re¬ 
quired in the presence of light-oil vapor in 
the gas, it is quite necessary to limit the 
amount of solvent oil very carefully in or¬ 
der to avoid loss in heating value of the gas 
due to incidental absorption of the light 
oil. This requires a scrubber of special de¬ 
sign in order to contact a large quantity of 
gas with a small quantity of oil efficiently 
and at the same time secure the necessary 
countercurrent flow of oil with regard to 
gas flow. 

Various commercial types of naphthalene 
scrubbers are described in textbooks.®* ^ 
In America, vertical towers of various de¬ 
signs have been used almost entirely. 

The Koppers naphthalene scrubber,®* ^* 

21 Spelce, J. B., Proc. Pacific Coast Oas Assoc., 
16, 845-85 (1925). 


^®*22 has found extensive use over a long 
period of years. Figure 1 is a diagram¬ 
matic view of this scrubber. The gas first 
passes through the lower half of a tall 
packed tower where it contacts partially 
spent oil that is recirculated through this 
part of the tower at a rather high rate of 
recirculation; here the naphthalene content 
of the gas is considerably reduced. The gas 
then passes through the upper half of the 
tower where it contacts a relatively small 
volume of fresh oil injected at the top 
through sprays. This fresh oil is added at 
so low a rate that it cannot be sprayed 
continuously to secure good contact be¬ 
tween gas and oil, and is, therefore, added 
in “shots,” that is, injected periodically at 
rates high enough to thoroughly wet the 
packing in the fresh-oil section of the 
tower. The contact with the fresh oil re¬ 
duces the naphthalene content of the gas 
to an amount acceptable for distribution 
purposes. After the fresh oil has passed 
through tlie fresh-oil section, it joins the 
large volume of recirculating oil and thereby 
continuously refreshes this batch of oil. 
Periodically, the spent oil is withdrawn 
from the recirculating oil system, to be dis¬ 
posed of in any of several ways to be men¬ 
tioned later. A typical Koppers naphtha¬ 
lene scrubber is shown in Fig. 2. 

That this type of scrubber is very selec*- 
tive in its absorption of naphthalene when 
light-oil vapors are also present in the gas 
has been shown by Kohr.^® Operation of 
the scrubber over a long period of time in¬ 
dicated an average loss in heating value of 
the gas of considerably less than 1 Btu per 
cubic foot, whereas during this same period 
almost complete removal of naphthalene 
had been secured. 

22 Powell, A. R., Merritt, M., and Byrne, J. P., 
Gas Age-Record, 60, 3^, 8, 12 (1927). Smith, 
C. J., Am. Oas J., 148, No. 6, 49-51 (1938). 

28 Kobr, A. A., Gas Age-Record, 67, 187-8 
(1926). 
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Another type of scrubber that has been 
used in America fdr the removal of naph¬ 
thalene from coal gas and other manufac¬ 
tured gas is the Feld scrubber. Descrip¬ 
tions of some of these installations together 
with operating results were given some 


America, but there are few if any references 
in the literature to them. Some gas plants 
have improvised crude naphthalene scrub¬ 
bers from towers built for other purposes 
but the amount of oil required is always 
higher than it should be for efficient opera- 



Fig. 1. Diagrammatic view of Koppers naphthalene scrubber. 


years ago.^* Briefly, the Feld scrubber 
consists of a vertical tower inside of which 
are a series of revolving cones attached to 
a shaft in the center. The oil flows down¬ 
ward from cone to cone, being thrown into 
a spray by each revolving cone. The gas 
passes up countercurrent to the flow of oil. 

Several other types of naphthalene scrub¬ 
bers have been used to a limited extent in 

24 Anon., ibid., 57, 878 (1926). Terry, H. W., 
Jr., ibid., 59, 743-7 (1927). 


tion, and loss of heating value of the gas is 
high. 

In Europe, many types of naphthalene 
scrubbers have been developed and are in 
successful operation. Schwarz gave an 
excellent review of European naphthalene 
scrubbers as well as some American scrub¬ 
bers. The Holmes rotary brush washer has 
been very popular in England for remov¬ 
ing naphthalene from coal gas. This equip¬ 
ment consists of a horizontal cylindrical 
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Fio. 2. A typical Hoppers naphthalene scrubber (the single tower In foreirround). 
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shell divided into different chambers along 
its length. Through the center is a shaft 
to which are attached brushes that revolve 
very slowly. Oil flows into the chamber at 
one end and thence slowly flows from cham¬ 
ber to chamber until it reaches the other 
end. The revolving brushes are wetted by 
the oil in the bottom of each chamber and 
secure contact between oil and gas, the gas 
flowing through each chamber in series 
countercurrent to the oil. Other types of 
horizontal rotary washers used in England 
are the ^^Whessoe^' and the '^Standard.” 
The characteristic of all these types of 
naphthalene scrubbers that causes them to 
be efficient is their ability to contact large 
volumes of gas with small volumes of oil 
in a countercurrent manner. 

One rather novel method of naphthalene 
removal used to some extent in Germany 
may be mentioned here, although its na¬ 
ture places it nearer the next group of 
processes, namely, injection of a solvent 
into the gas-distribution system. In this 
process, the gas is saturated with the vapor 
of a naphthalene solvent, for example, tet- 
ralin, as the gas leaves the compressor at 
a somewhat elevated temperature. When 
this hot gas passes through the after-cooler, 
the solvent is condensed and carries along 
with it most of the naphthalene originally 
present in the gas.^"' The condensate is re- 
circulaied back to be revaporized and peri¬ 
odically is regenerated so as to separate the 
naphthalene. 

The solvent oil used in naphthalene 
scrubbers not only must be a naidithalene 
solvent but also must have a low vapor 
pressure to prevent excessive loss by va¬ 
porization, must not be too viscous to pre¬ 
vent good distribution and contact with 
the gas, and must be relatively low in price. 
In America, petroleum oils are used almost 

25Michaelis, P., aiUckauf, 72, 1102-7 (1936). 
Oppelt, W., ibid., 74, 608-7 (1938). 


exclusively. When properly chosen, they 
possess all the above advantages and have 
the added advantage of being absolutely 
free of naphthalene before use. Petroleum 
oils of widely Varying characteristics are 
suitable for this purpose, the chief require¬ 
ment being that the oil be fluid enough at 
ordinary temperature to permit ease of 
handling and good contact with the gas. 

In many instances, especially where car- 
buretted water gas is produced at the same 
plant as the coal gas, ordinary gas oil may 
be used, provided that it is not too viscous. 
The spent gas oil from the naphthalene 
scrubber may then be added to fresh oil 
for the purpose of carburetting the water 
gas. By this system of operation the naph¬ 
thalene content of the water gas is not in¬ 
creased since the gas cooling system re¬ 
moves the excess of naphthalene.® The 
amount of gas oil required for removal of 
naphthalene from coal gas averages only 
about 0.05 gallon per 1,000 cubic feet, 
whereas about 3 gallons per 1,000 cubic 
feet of gas oil is used for carburetting water 
gas, so that ordinarily the percentage of 
si)ciit naphthalene scrubber oil added to 
the fresh carburetting oil is quite small. 
In America, this practice is quite common, 
and even in England it has been followed 
to some extent and the spent gas oil has 
been found satisfactory in water-gas sets.^® 

In some plants, it has proved more con¬ 
venient or economical to regenerate the 
spent najdithalene scrubber oil for reuse in 
the scrubber. Green has given a very 
complete description of removal of naph¬ 
thalene and gum-forming hydrocarbons at 
a plant where the spent gas oil is regener¬ 
ated by distillation. 

In Europe, tar oils are much more com- 

26 Richardson, B., Gas J., 161, 884 (1928), 
163, 348-50 (1928). 

27 Green, S., Proc. Am. Qas Assoc., 1888, 578- 
85. 
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mon than petroleum oils for absorption of 
naphthalene from coal gas. Tar oils may 
be of the nature of creosote oil but are 
more commonly the higher-boiling anthra¬ 
cene oils. They possess the advantage over 
petrolemn oils of being able to absorb more 
naphthalene before becoming spent, but 
they have the disadvantages of not being 
entirely free of naphthalene before use and 
of solidifying rather readily at low tem¬ 
peratures. 

It has long been recognized that it is 
quite difficult to obtain tar oils that are 
sufficiently free of naphthalene to give ef¬ 
ficient removal when used as absorbents 
for removing naphthalene from coal gas.^® 
Naphthalene-free creosote has proved some¬ 
what satisfactory, but care is necessary 
with anthracene oils since they may solid¬ 
ify . 2 ® Cooper 28 has described English 
practice in the use of anthracene oil for 
removal of naphthalene from coal gas and 
also the stripping of the spent oil by dis¬ 
tillation for reuse. 

The application of solvents, either in 
liquid or vapor form, to the gas-distribu¬ 
tion mains is in reality a method that uti¬ 
lizes the lines of the gas-distribution sys¬ 
tem as the naphthalene scrubber. How¬ 
ever, since the contacting of the gas and 
the solvent is not countercurrent in prin¬ 
ciple, the amount of solvent required is 
greater than in a properly designed scrub¬ 
ber. Also, the naphthalene content of the 
gas is not subject to as close control as it 
is in a scrubber located in the gas plant. 

The practice of solvent injection up to 
about 1927 has been reviewed briefly by 
Schwarz.^^ Petroleum oils are commonly 
used in America where solvent injection is 
practiced. The amount of oil varies be- 

28Schwelzer, W., J, Baa Lighting, 122, 97 
(1913). 

28 Cooper, C., Baa World, 108, No. 2796, Cok¬ 
ing Sect., 27-81 (1938). 


tween 9 and 25 gallons per million cubic 
feet, and with this quantity of oil naphtha¬ 
lene is likely to condense at the ends of the 
lines in cold weather.®® Blake ®^ has com¬ 
pared the results obtained by spraying oils 
of various boiling ranges. A mixture of pe¬ 
troleum distillate and gas oil was found to 
be the most efficient. 

European practice in solvent injection 
has been discussed by Meade.® In addition 
to being sprayed in the form of a mist, oil 
may be introduced into the gas stream as 
a vapor. Although tar oils are widely used 
in Europe, preference is shown for light 
paraffin oils such as kerosene. In his re¬ 
view of the subject, Meade gave some of 
the details of the equipment for spraying 
and also for the other process of vaporizing 
solvent into the lines. 

One of the more recent solvents em¬ 
ployed rather extensively in Europe but 
only to a very limited extent in America is 
tetralin. Shea ®2 has presented a review of 
tetralin injection for the prevention of 
naphthalene deposits and some experiences 
in one American gas company’s distribution 
system. He says that European companies 
claim that the cost of tetralin for this pur¬ 
pose varies between 0.07 and 0.14 cent per 
1,(X)0 cubic feet of gas treated. Since tet¬ 
ralin has a relatively high vapor pressure, 
a considerable portion of the injected tetra¬ 
lin simply carries on as a vapor with the 
gas, and this portion has no value as far as 
naphthalene removal is concerned. A list 
of further references on tetralin was given 
by Shea. 

Adsorption by solids for removing naph¬ 
thalene is of relatively little importance 

80 Kowalke, O. L., and Pesch, A. W., Baa Age- 
Record, 49, 433-5 (1922) ; Am. Baa J., 116, 
347-9, 354-5 (1922). 

31 Blake, T. V., Baa J., 177, 749-50 (1927). 

82 Shea, M. B., Baa Age-Record, 81, No. 8, 
23-5, 34, 40 (1938) ; Am. Baa J., 148, No. 4, 
31-4, 53 (1938). 



REMOVAL OF INDENE, STYRENE, ETC. 1241 


since cheaper and more convenient meth¬ 
ods are available, especially where removal 
of naphthalene is desired independently of 
the recovery of light oil from the coal gas. 

In some plants in Continental Europe 
where light oil is recovered from coal gas 
by the active charcoal process, naphthalene 
is simultaneously removed.^^ However, in 
England, naphthalene is first removed from 
the coal gas by oil washing before the gas 
is contacted with the active charcoal for 
recovery of light oil.^^ 

A German investigation determined the 
effectiveness of silica gel as a means of re¬ 
moving naphthalene from coal gas along 
with the coincident dehydration of the 
gas.^'"’ Complete removal of naphthalene 
was secured. One rather interesting proc¬ 
ess, probably of little commercial value, is 
described m an Austrian patent,®® in which 
the coal gas is contacted with rubber, for 
example comminuted rubber from old tires, 
whereby naphthalene is removed from the 
gas; regeneration is secured by agitation of 
the spent rubber in a current of air or 
steam, or merely by exposure to the air. 

Removal op Indene, Styrene, etc. 

Indene and styrene are liquid unsatu¬ 
rated hydrocarbons that occur in the va¬ 
por state as minor constituents of coal gas. 
They are more or less coinjiletely removed 
from coal gas in the recovery of light oil, 
and reference should be made to Chapter 
28 for a more detailed description. 

The presence of these hydrocarbons m 
manufactured gas first attracted attention 
by their tendency to polymerize and form 

33 Eiigclliurdt, A., und Rdping:, H., Gas- u. 
Wasserfach, 7«, 478-84 (1933). Simon, A., ibid., 
79, 357-02 (1936). 

34 Hollings, II., and Hay, S., Chemistry <£ 
Industry, 1034, 143-55 ; Gas World, 100, 189-93 
(1934). 

36 Briloknor, H., and Ludewi;;, W., Gas- u. 
Wassrrfach, 78* 459-62 (1935). 

aaNottes, G., Austrian Pat. 143,810 (1935). 


^^liquid-phase’^ gum in distribution systems, 
when they condensed from the gas as “drip 
oil” or condensate.®^ Although these com¬ 
pounds occur in coal gas in substantially as 
great quantities as in carburetted water gas, 
only the latter gas ordinarily gives trouble 
due to liquid-phase gum, since coal gas is 
relatively dry as far as condensation of oil 
is concerned, and indene and styrene poly¬ 
merize only when in solution in a liquid 
phase and are harmless in the vapor state. 
However, it is sometimes desired to remove 
indene and styrene from coal gas independ¬ 
ently of light-oil removal, especially when 
the coal gas is later to be mixed with car¬ 
buretted water gas. 

Some years ago a very complete descrip¬ 
tion of this subject was given by Fulweiler 
and his colleagues, together with references 
to publications up to that time.®® Later 
published papers, including descriptions of 
processes and plants for the removal of the 
“liquid-phase gum-formers” from gas, have 
been summarized by Powell.®® 

Tests that have been made on coal gas 
from various sources show styrene contents 
ranging from 0.002 to 0.006 percent by 
volume, and indene contents ranging from 
0.004 to 0.013 percent by volume.®® From 
what has been said previously, it is quite 
impossible to make any general statement 
as to what percentage of these compounds 
should be removed from the coal gas to 
satisfy all conditions. Usually, removal is 
not required at all. 

Brown ®^ has pointed out that close con¬ 
trol of the oxygen content of gas is helpful 
in preventing liquid-phase gum forma¬ 
tion, even when the indene and styrene are 

37 Brown, R. L., ProG. Am. Gas Assoc., 1924* 
1353-1411. 

38 Ward, A. L., Jordan, C. W., and Fulweiler, 
W. H.. ( 0 ) Ind. Eng. Chcm., 24, 009-77, 1238- 
47 (1932) ; (h) ibid., 25, 1224-34 (1933). 

39 Powell, A. R., Proo. Am. Gas Assoc., 1988, 
577-92. 
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tiot removed at all. Refrigeration or com¬ 
pression of the gas has been suggested and 
applied for the purpose of decreasing the 
indene and styrene content of gas.*® 

However, where removal of indene and 
styrene from gas is necessary, scrubbing of 
the gas by oil is probably the simplest and 
commonest method.^®* The equipment 
and the general method of operation are 
almost identical to those for removal of 
naphthalene, with the single exception that 
a greater volume of fresh scrubbing oil 
must be fed to the scrubber. Thus, where¬ 
as naphthalene removal requires only 0.01 
to 0.10 gallon of fresh-oil feed per 1,000 
cubic feet of gas, efficient removal of the 
liquid-phase gtftn-formers calls for 0.10 to 
0.50 gallon per 1,000 cubic feet. However, 
this volume of oil is considerably lower 
than the 15 gallons per 1,000 cubic feet 
generally used for recovery of light oil 
from gas, and the result is that the re¬ 
moval of the indene and styrene is rela¬ 
tively selective, only a minor portion of 
the nongum-forming hydrocarbons being 
absorbed from the gas. 

Removal of Ethylene 

A very considerable amount of experi¬ 
mental work has been carried on with the 
objective of removing ethylene from coal 
gas and other manufactured gas, thereby 
converting it into a useful byproduct. The 
recovery of a useful byproduct is the only 
objective, since ethylene is not a harmful 
constituent of the coal gas but, on the 
contrary, contributes quite materially to 
the heating value of the gas when used as 
a fuel. 

Some commercial application has been 
made of the removed ethylene in Europe, 
but in America such processes have been 
used only sporadically and on relatively 
small volumes of coal gas. A very excel¬ 
lent and complete review of this subject up 


to the year 1926 has been made by Cur¬ 
tis.”*® 

As has been pointed out in another chap¬ 
ter, ethylene, C 2 H 4 , occurs in normal coal 
gas to the extent of about 2.5 percent by 
volume. Other olefin hydrocarbons, such 
as propylene and the butylenes, are also 
present, but in much smaller quantities. 

Systems that have been used or pro¬ 
posed for recovery of ethylene from coal 
gas arc: ( 1 ) direct absorption from coal 
gas by (a) sulfuric acid, (5) active char¬ 
coal, and (r) other absorbents; and ( 2 ) 
concentration by fractional liquefaction or 
fractional distillation at low teniperatuie^, 
with or without subsequent absorption, by 
(a) the Claude process, (b) the Linde jiroc- 
ess, and (c) other processes. 

Applying the well-known pnnciiile of 
absorption of ethylene by concentrated sul¬ 
furic acid, a process for the recovery of 
ethylene in the form of ether from coal 
gas was patented in 1896."^^ This process 
was tried out at Richmond, Va., in 1900, 
without commercial success. 

Bury and Ollander^* operated a semi¬ 
commercial plant in England during World 
War I in which coal gas containing 2 per¬ 
cent of ethylene by volume was treated 
with 95 percent sulfuric acid and ethyl al¬ 
cohol was recovered as a byproduct. The 
coal gas was first purified by the usual 
means and was then dried by contact with 
80 percent sulfuric acid before being 
treated with the 95 percent acid. With an 
absorption temperature of 70 to 80® C, 70 
percent of the ethylene was removed from 
the gas and a 70 percent conversion of 

*0 Curtis, H. A., Recent Progress in Science in 
Relation to the Qas Industry, American Gas As¬ 
sociation, New York, 1926, Chapter X. 

4iFritz8che, P., Brit. Pat. 20,225 (1896). 

42 Bury, B., and Ollander, O., Oas J , 148, 
718-21 (1919) ; Chem. Trade J., 00, ,'i6-7, 61-2 
(1919) ; Iron d Coal Trades Rev., W», 804-5, 
831-2 (1919), Bury, E., Gas World, 78, 123-5 
(1920) ; Oas J., 151, 449-50 (1920). 
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this recovered ethylene could be realized 
into ethyl alcohol, giving a yield of 1.6 gal¬ 
lons of alcohol per ton of coal carbonized. 
A considerable amount of sulfur dioxide 
was released during the absorption, which 
made a problem of its removal and utiliza¬ 
tion or disposal. 

The effects of temperature, pressure, 
water vapor, contact surface, etc., were ex¬ 
tensively discussed and much experimental 
work was done prior to 1925,^3' where¬ 
as interest in the direct absorption of ethyl¬ 
ene from coal gas appears to have almost 
ceased in more recent years. 

The rather sluggish absorption of the 
ethylene by sulfuric acid may be catalyzed 
by many substances, but other substances 
inhibit the absorption. De Loisy showed 
that mercury with vanadic acid, uranic 
acid, or molybdic acid is a catalyst. De 
Loisy and Damiens ** named cuprous com¬ 
pounds as catalysts. Lommel and Engel- 
hardt have demonstrated that silver sul¬ 
fate is an excellent catalyst, as have also 
Gluud and Schneider,*® who further discov¬ 
ered lead, iron, and calcium sulfate to be 
catalysts. Two British patents*® describe 
the addition of compounds of osmium, ir¬ 
idium, platinum, palladium, and other rare 
metals, as well as various compounds of 

48 Plant, S. G. P., and Sidgwick, N. V., J. Boc. 
Chem. Jnd., 40, 14-8T (1921). Thau, A., and 
Bertelsmann, W., QlUckauf, 67, 189-94, 221-5 
(1921). Tidman, C. F., Iron d Coal Trades Rev,, 
102, 350 (1921). Neumann, B., Oaa- u. Waaser- 
fach, 67, 1-8, 14-6, 53-5 (1924). 

44 Damiens, A., Compt. rend., 175, 585-8 
(1922). De Loisy, E., and Damiens, A., Chimie 
d industries Spec. No., May, 1923, pp. 664-70. 

45 Gluud, W., Keller, K., and Schneider, G., 
Ber. Oea. Kohlentech., 1923, 224-81. 

46 De Loisy, B., Compt. rend, 170, 50-3 
(1920). 

47 Lommel, W., and Engelhard!, R., Ber., 57B, 
848 (1924). 

48 Gluud, W., and Schneider, G., ihid., 67B. 
254-5 (1924). 

49 N.'V. de Bataafsche Petroleum Maatscliaih 
pij, Brit. Pats. 386,608, 886,633 (1929). 


copper, iron, cobalt, and nickel to catalyze 
the absorption of ethylene by sulfuric acid. 
Hickson and Bailey®® stated that the ab¬ 
sorption of ethylene by sulfuric acid is in¬ 
hibited by naphthalene, phenol, m-cresol, 
pyridine, and other substances that may be 
present in coal gas in small quantities. 

The recovery of ethyl alcohol from coal 
gas by means of the absorption of ethylene 
directly from the gas by sulfuric acid is 
probably not economically feasible except 
under most unusual conditions. Furness 
has discussed this matter from the stand¬ 
point of English conditions, and a discus¬ 
sion from the standpoint of American con¬ 
ditions®^ has also been published. 

Although most of the schemes for ab¬ 
sorbing ethylene directly from coal gas 
have centered around the use of sulfuric 
acid, activated charcoal has been proposed 
or used.®® Curme has patented the use of 
acetone®* and of mercuric sulfate solu¬ 
tion.®® Several other absorbents for ethyl¬ 
ene have been proposed, but mostly for 
refinery or other gases that may be rela¬ 
tively high in ethylene content or under 
high pressures. None of these processes is 
now in commercial use for recovery of 
ethylene from coal gas in America, as far 
as IS known. 

Of considerably more practical impor¬ 
tance than the direct absorption of ethyl¬ 
ene from coal gas has been the recovery of 
ethylene as a liiiuefied product in conjunc- 

60 Hickson, Wm. 8. B., and Bailey, K. C., Bci. 
Proc. Roy. Dublin Boc., 20, 267-79 (1932). 

61 Furness, R., Ind. Chemiat, 1, 476-80 

(1925). 

52 Anon., Oaa Age^Record, 50, 411-4 (1922). 

63 T. Goldschmidt A.-G., Brit. Pat. 146,382 
(1920). Johnson, J. Y., Brit. Pat. 190,203 
(1921). Soddy, F., U. 8. Pats. 1,422,007-8 
(1922). Engelhard!, A., OlUckauf, 78, 925-88 
(1987). 

54 Curme, G. O., Jr., U. 8. Pat. 1,422,184 
(1922). 

65 Curme, O. O., Jr., U. 8. Pat. 1,815,541 
(1919). 
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tion with the preparation of hydrogen from 
coke-oven gas by compression and refriger¬ 
ation. The preparation of hydrogen from 
coke-oven gas will be discussed in the next 
section of this chapter, but at this point 
the processes will be described since ethyl¬ 
ene is one of the products separated during 
this hydrogen preparation. In general, 
two systems have been developed for the 
separation of coal-gas constituents by com¬ 
pression and refrigeration—the Claude sys¬ 
tem and the Linde system. Although both 
have been considerably modified, the basic 
difference between these systems is in the 
method of obtaining the cooling effect. 

The Claude systemcompresses the 
coal gas, after preliminary purification, to 
30 or 40 atmospheres, and then causes this 
gas to expand in a heat engine and do 
external work. The expansion of the gas 
in the heat engine or ''hydrogen motor, 
as it is called by Claude, causes a decided 
cooling of the gas, the accumulated effect 
eventually resulting in partial liquefaction 
of the coal gas. 

In contrast to the external heat engine 
of Claude, Linde secures the cooling effect 
by internal expansion of the conipressed 
gas, thereby utilizing the well-known Joule- 
Thomson effect. The coal gas, after pre¬ 
liminary purification, is compressed to pres¬ 
sures ranging from 10 to 2(K) atmospheres 
and is then expanded to atmospheric pres¬ 
sure without performing external work. 
The cooling effect is made cumidative by 
means of heat exchangers, and finally par¬ 
tial liquefaction of the coal gas results. 

The Claude process has been in commer¬ 
cial operation on coke-oven gas in French 
mining regions for the production of hydro- 

58 riauile, G., J. Ind. Eng, Chem., 14, 1118- 
9 (1922) ; Engineering, 114, 506-7 (1922). 

' STPollitzer, F., Z. Vcr. deut. Ing., 50, 1540-6 
(1912). Linde, F., Z. angcw. Chem., 26, 814 
(1918). 


gen.*^® After removal of light oil, the gas 
was compressed to 25 atmospheres and 
then scrubbed with oil to debenzolize fur¬ 
ther. It was further scrubbed with water 
and lime water to remove carbon dioxide. 
The gas then entered the liquefying appa¬ 
ratus, where it was progressively cooled by 
the principle mentioned earlier. A fraction 
rich in ethylene was first to liquefy, fol¬ 
lowed at lower temperatures by other frac¬ 
tions, and finally hydrogen was left in a 
gaseous state, largely purified of the other 
constituents of the coal gas. Scott has 
described the Bethune plant in France, 
where the treatment of the ethylene frac¬ 
tion with sulfuric acid results in the pro¬ 
duction of 200 kilograms of ethyl alcohol 
per ton of ammonia produced from the 
hydrogen. 

The Linde process has apparently found 
more extended commercial use in Europe 
than the Claude process, at least in recent 
years. Borchardt has described the 
Linde system in great detail, giving com¬ 
plete analyses of the various liquefied frac¬ 
tions and also cost data. 

Pallemaerts has tlcscribed in a very 
thorough manner the application of the 
Linde process to the production of hydro¬ 
gen from coke-oven gas in a Belgian plant 
which used the hydrogen for ammonia syn¬ 
thesis. After the usual iireliminary purifi¬ 
cation (light oil, carbon dioxide, etc.) the 
gas was compressed and cooled. The first 
fraction separates at 120“ K (-153“ C), 
and this fraction was called "ethylene.” Its 
composition was as follows: 

58 Curtis, H. A., Fixed Nitrogen, Chemical 
Catalog Co., New York, 1932, pp. 212-5. 

59 Scott, B. K., Colliery Guardian, 127, 737 
(1924). 

60 Borchardt, P., Gaa- u. Waaaerfaeh, 70, 
562-8 (1927). 

61 Pallemaerts, P. A. P., Pror, Second Intern. 

ConJ. Bituminous Coal, 2, 178-201 (1928) ; 

Chem. d Met. Eng., 86, 741-4 (1928). 
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This ethylene fraction was further concen¬ 
trated by fractional distillation into a prod¬ 
uct containing 80 to 95 percent ethylene, 
or else was treated directly with sulfuric 
acid to produce ethyl alcohol or ether. 

Bronn has described the application of 
the Linde process to separation of the con¬ 
stituents of coke-oven gas at the plant of 
Concordia Bcrgbau A.-G. at Oberhausen, 
Germany. This paper includes the com¬ 
plete layout of the plant and the analyses 
of the raw gas, the intermediate and finished 
])roducts, etc. 

Gluud and Schneider®** have described 
a process especially designed for the recov¬ 
ery of ethylene in the form of ethyl alco¬ 
hol from coke-oven gas that utilizes the 
fractional condensation system of Linde or 
its equivalent. The gas was purified of 
carl)on dioxide, etc., in the regular manner, 
and the liquefaction was then so conducted 
that a fraction containing 70 percent ethyl¬ 
ene was obtained. This ethylene-rich frac¬ 
tion was given a preliminary wash with 
concentrated sulfuric acid, the sulfur diox¬ 
ide thus formed was removed, and then 
there was a final absorjition in concen¬ 
trated sulfuric acid containing silver sul¬ 
fate as a catalyst. The catalyst was then 
removed, the acid diluted with water, and 
the ethyl alcohol distilled out. Laboratory 
experimental data were given, as well as 
estimates of the economics of the process. 

Another modification of the liquefaction 
method for recovery of ethylene from coal 

02 Broun, J., Z. angew. Chem., 42, 760-8 
(1929). 

08 Gluud, W., and Schneidor, G., Gaa- u. 
Waaserfach, 70, 97-102 (1927). 


gas operates on the principle of total lique¬ 
faction of hydrocarbons in the gas followed 
by fractional distillation to separate the 
ethylene and other hydrocarbons.®* 

Removal of Hydrogen 

Like ethylene, hydrogen may be recov¬ 
ered from coal gas for the purpose of serv¬ 
ing as a useful product, and, like ethylene, 
the hydrogen is recovered by the general 
principle of compression and refrigeration. 
In fact, the primary purpose in separating 
coal gas into its various constituents is usu¬ 
ally the recovery of hydrogen, and the co¬ 
incident recovery of ethylene, etc., is more 
or less secondary. 

The hydrogen recovered from coal gas 
is used for various hydrogenation processes 
and for the manufacture of synthetic chem¬ 
icals. In America very little, if any, hydro¬ 
gen is recovered from coal gas, but in 
Europe coal gas is not an uncommon source 
of hydrogen for the synthetic-ammonia in¬ 
dustry and various hydrogenation indus¬ 
tries. Curtis stated that 23 percent of 
the hydrogen used for ammonia synthesis 
w'as obtained from coke-oven gas by the 
liquefaction separation. 

In the previous section on ethylene re¬ 
covery, reference has been made to the two 
general commercial systems for recovery of 
hydrogen from coal gas, namely, that of 
Claude and that of Linde. The fractional 
.separation leading up to the recovery of 
more or le.ss pure hydrogen involves fur¬ 
ther details of operation. 

One of the best descriptions of a plant 
recovering hydrogen from coke-oven gas 
for the manufacture of synthetic ammonia 
has been given by Pallemaerts.®^ The 
plant was that of the Union chimique Beige 
at Ostend, Belgium, which used the Linde 

64 Bronn, J., Z. kompr. fiilaa. Oaae, 25, 53-7, 
78-81, 93-7 (1926). Sakmin, P. K., ibid,, 32, 
1-6, 13-16 (1936). 
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system for the separation of the hydrogen 
from the coke-oven gas. The preliminary 
treatment of the gas at this plant was 
somewhat different from that at other 
plants. Whereas other plants remove car¬ 
bon dioxide with a water wash while the 
gas is under pressure, the plant at Ostend 
removed both hydrogen sulfide and carbon 
dioxide by an ammonia wash process with 
the gas at atmospheric pressure. This 
treatment reduced the carbon dioxide to 
less than 0.1 percent. This was followed 
by a water wash and a sulfuric acid wash 
to remove ammonia, and finally by a caus¬ 
tic soda wash to remove the small remain¬ 
ing amount of carbon dioxide and dry the 
gas. The gas was then compressed to 9 
atmospheres, refrigerated by liquid am¬ 
monia, and wanned to normal temperature 
by a cold exchanger. The compressed gas 
was washed with water, using a little over 
1 volume of water per volume of com¬ 
pressed gas. The main object of this water 
wash was to remove acetylene. The puri¬ 
fied coke-oven gas was then cooled for a 
second time by means of cold exchangers 
and ammonia refrigerators to a tempera¬ 
ture of —45® C. This removed the major¬ 
ity of the water vapor. Then the cold 
compressed gas entered the fractionation 
apparatus where the final cooling was ob¬ 
tained from the Joule-Thomson effect of 
the expansion of compressed gases that had 
passed through the refrigeration cycle and 
had been separated. Three liquid fractions 
were separated out in the fractionating ap¬ 
paratus, an “ethylene” fraction, a “meth¬ 
ane” fraction, and a “carbon monoxide” 
fraction which had the composition shown 
in Table II. 

After the condensation of the fractions 
shown in Table II, the compressed cold gas 
comprised a mixture of hydrogen and nitro¬ 
gen, containing small amounts of methane 
and carbon monoxide. These impurities 


TABLE II 


Composition op Fractions Obtained by the 
Linde System in Separation op Hydrogen 
FROM Coke-Oven ,Gas 



Ethylene 

Methane 

Carbon 
. Monoxide 


Fraction 

Fraction 

Fraction 

Condengation 

»K 

120 

85 to 95 

Below 85 

*C 

-153 - 

178 to -188 

Below -188 

Composition, Per¬ 
cent by Volume, 

Gaseous State 

Methane 

30.6 

74.4 

6.9 

Ethane 

30.6 



Ethylene 

30.6 

1.9 


Propane 

6.1 



Carbon monoxide 

2.0 

9.6 

18.0 

Oxygen 


1.2 

2.0 

Hydrogen 


4.2 


Nitrogen 


8.7 

73.1 


were practically completely removed by 
washing the cold compressed gas with 
liquid nitrogen which completely removed 
the methane and reduced the carbon mon¬ 
oxide to 0.001 percent by volume. During 
this liquid-nitrogen wash the conditions 
were regulated to give a mixture of hydro¬ 
gen and nitrogen containing 3 moles of 
hydrogen per mole of nitrogen. The rea¬ 
son for this was, of course, that this is the 
composition needed for synthesis of am¬ 
monia, NH 3 . For other purposes, the pres¬ 
ence of nitrogen might be disadvantageous, 
and in such cases it would be necessary to 
modify the process somewhat to give as 
low a content of nitrogen in the finished 
hydrogen as possible. 

The various gases separated in the frac¬ 
tionating apparatus may, after expansion, 
be used as fuel or may be recovered as 
useful byproducts. The recovery of ethyl¬ 
ene in connection with coal-gas liquefaction 
has been described in the preceding section 
of this chapter. 

Various other descriptions of hydrogen- 
recovery processes and plants have been 
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referred to in the preceding section on plants have been erected and are in opera- 


ethylene.®®' 64 

Fischer has presented data showing the 
material and heat balances involved in the 
separation of hydrogen from coke-oven gas 
by compression and refrigeration. Also he 
has shown by means of tables and graphs 
the power requirements under different 
conditions of pressure and temperature. 

Other schemes that do not depend on 
fractional liquefaction of the coal gas have 
been suggested for the separation and re¬ 
covery of hydrogen. One such scheme has 
Ijeen suggested by Ilofsitss.*'® The coal gas 
is compressed to 90 atmospheres, and under 
these conditions the hydrogen is absorbed 
by molten potassium or sodium. By heat¬ 
ing, the hydrogen is evolved and the metal 
regenerated for further use. 

In addition to processes for recovering 
the elemental hydrogen in coal gas, many 
others have been developed for cracking 
the hydrocarbons in coal gas to produce 
more hydrogen, and still others make use 
of the reaction of steam with hydrocarbons 
1 o produce hydrogen and carbon dioxide. 
These chemical conversions of coal gas will 
not !)e considered here. 

Removal of Carbon Monoxide 

Since carbon monoxide is useful in con¬ 
tributing to the heating value of coal gas, 
and since this constituent gives no technical 
trouble in the distribution of the gas, its 
removal is exceptionally rare. In fact, in 
America there is no known plant that re¬ 
moves carbon monoxide from coal gas. 

In (lermany, however, a very extensive 
literature has sprung up on the removal of 
carbon monoxide for the purpose of ren¬ 
dering city gas nontoxic. Also several 

60 Fischer, V., Z. Ver. deut. Jng., Beiheft 
Folge, 1037, 14-20, 1938, 110-1. 

00 IlofsilHS, M., Z. kompr. fliisn. Qase, 30, IS- 
14 (1933). 


tion for “Gasentgiftung.” It should be 
stated, however, that the process has been 
mostly applied to mixtures of coal gas and 
water gas having relatively high contents 
of carbon monoxide rather than to straight 
coal gas, which normally contains only 
about 6 percent by volume. Schuster 
described the entire subject of carbon mon¬ 
oxide removal in great detail, with refer¬ 
ences to the literature and pertinent pat¬ 
ents, and later®® he brought the subject 
up to 1939. The various processes for re¬ 
moving carbon monoxide from gas have 
been developed or put into commercial op¬ 
eration almost exclusively in Germany, very 
little having been done along these lines in 
other countries. 

Although many methods for removing 
carbon monoxide from gas are available, all 
the actual commercial procestes depend pri¬ 
marily on the reaction between carbon 
monoxide and water vapor to form hydro¬ 
gen and carbon dioxide, 

CO + H.O = H 2 -f CO 2 

Schuster ®^* ®® divided the processes into 
four classes, as follows: (1) conversion 
without removal of the carbon dioxide 
formed in the reaction; (2) conversion fol¬ 
lowed by removal of the carbon dioxide 
formed in the reaction; (3) conversion with 
simultaneous removal of the carbon diox¬ 
ide formed in the reaction; and (4) con¬ 
version of the major part of the monoxide 
to the dioxide by water vapor followed by 
a second step consisting of the conversion 
of the remainder of the monoxide to meth¬ 
ane by reaction with hydrogen. 

Characteristic of the first class is the 
'‘Gesent” process of the Gesellschaft fiir 

67 Schuster, F., Stadtgas-Entgifiung, S. Hirzel, 
Leipzig, 1935, 167 pp. 

08 Schuster, F., Handhuoh der GaainduatHej R. 
Oldenbourg, Munich and Berlin, 1939, Vol. 3, 
Part 4. 
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Gasentgiftung of Berlin.®®* In this proc¬ 
ess, the gas has added to it the proper 
amount of water vapor, is then heated in 
a heat exchanger, and finally flows into the 
contact chamber containing the catalyst 
for the conversion of the monoxide to the 
dioxide. The temperature in the contact 
chamber is about 400® C. The hot gas, 
with the carbon monoxide removed down 
to about 1 percent by volume, flows back 
through the heat exchanger and is finally 
cooled in a tower. It is claimed that a 
considerable proportion of the organic sul¬ 
fur in the gas is converted into hydrogen 
sulfide during this conversion of monoxide 
to dioxide, and so the treated gas is finally 
passed through a dry purifier to remove 
this hydrogen sulfide. Since the carbon 
dioxide is not removed from the treated 
gas, the gas is somewhat diluted and its 
heating value reduced. For this reason, 
the gas before treatment should have a 
somewhat higher heating value than is 
desired for the final gas to be distributed 
to the city. This process was in operation 
at the gas plant at Hameln, Germany 
(about 350,000 cubic feet per day). 

One representative of the second class of 
processes, that is, those involving the re¬ 
moval of the carbon dioxide from the gas 
after the conversion, is that of Muller 
The conversion is secured in the presence 
of iron oxide at a temperature of 500® C. 
After the conversion, the carbon dioxide 
that is formed is washed out of the gas by 
water under pressure or by potassium car¬ 
es Mpzgor, R., Gaa- u. Wagaerjach, 78, 673-9, 
593-603 (1935). 

ToGerdes, H. Ch., ibid.,, 7S, 86-7 (1935). 
Schuster, P., ibid., 70. 450-4 (1936) ; Z. Ver. 
deut. Ind., 81. 143-6 (1937). Sunder, A., 

Chem.-Ztg., 00, 33-6, 55-7 (1936). 

• n Miiller, W. J., Osterr. Chem.-Ztg., 38. 81-6 
(1935). Wiener Gnswerke, Gag- u. Wasacrfach, 
7S, 607 (1932). Gerdes. H. Ch., Stief, F., and 
Plenz, F., ibid., 80. 493-5 (1937). 


bonate, etc. Another process based on 
somewhat the same general principle is the 
Nordhausen process.^- 
The third class of processes depends on 
using as a material in the conversion step 
a combination of a catalytic substance plus 
an absorbent for the carbon dioxide formed 
by the conversion reaction. A typical com¬ 
bination would be iron oxide plus lime or 
magnesia or both. When this material is 
saturated with carbon dioxide, it is then 
regenerated by heat, driving out the ab¬ 
sorbed carbon dioxide and rendering the 
material suitable for further use. In these 
processes, the conversion temperature is 
approximately 500® C and the absorbent 
regeneration temperature is 800 to 900® C. 
Such a process was tested out on a pilot- 
plant scale by the Gesellschaft fiir Kohlen- 
technik.73 A later development of a proc¬ 
ess of this type was that of Bossner and 
Marischka.^'* The mineral ankerite served 
as the contact material, since it contains 
iron, lime, and magnesia in the form of 
carbonates. As an alternative, an artificial 
mixture of these was used. 

The fourth type of process, as mentioned 
before, consists of two steps: first the con¬ 
version of the largest part of the carbon 
monoxide by steam; and, second, the re¬ 
duction of the remainder to methane by 
the reaction with hydrogen.®®* Appar¬ 
ently this process is not in commercial op¬ 
eration and it has not as much chance of 
application to coal gas as it has to water 
gas, with its much higher content of carbon 
monoxide.^® 

72Mtillpr, H., ibid., 81. 590-9 (1938). 

73 Besteliorn, R., Ber. Geg. Kohlentechnik 
(Gurtmund-Kving), 3. 306-62 (1930). 

74 Zahn, ()., Chem.-Ztg., 01, 298-9, 458, 882 
(1937) ; Chem. Induatrica, 41. 40 (1937). 

75 Kemmer, H., Gag- u, WagaerfacK 72. 744- 
51 (1929). 

76 Rosenthal, H., ibid., 78. 436-8 (1936). 
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Removal of Nitric Oxide 

Nitric oxide, NO, has been recognized as 
a constituent of coal gas only during the 
last few years. Since the amount present 
seldom exceeds 0.0005 percent by volume, 
and is more typically only 0.000005 per¬ 
cent, this is easily understood. 

This tiny amount of nitric oxide under¬ 
goes a reaction with oxygen and certain un¬ 
saturated hydrocarbons in the gas, forming 
nitrogenous or ‘Vapor-phase” gum, which 
appears as a very fine fog or mist and re¬ 
mains suspended in the gas stream very 
persistently. When the gas containing this 
fine mist of gummy particles passes through 
a small orifice or changes direction of flow 
at high velocity, many of these gum par¬ 
ticles are deposited ahd in time a stoppage 
results. This reaction proceeds rather 
slowly under ordinary conditions, and usu¬ 
ally the gum particles do not appear in 
the gas stream for an hour or so after 
leaving the point of manufacture. This 
gummy mist in the gas affects the oper¬ 
ation of many gas appliances, such as range 
lighters, pilot lights, and various automatic 
devices that include orifices or small pas¬ 
sages for the gas; the amount is too small 
to cause stoiipage of mains or service lines. 

Since the chief source of nitric oxide in 
coal gas is the inleakage of flue gas and the 
pulling into the carbonization chamber of 
air during charging, etc., one of the obvi¬ 
ous remedies for the trouble is the preven¬ 
tion of this contamination. Such precau¬ 
tions are often helpful, although it is sel¬ 
dom that troubles cjwi be eliminated en¬ 
tirely by this attempt to cut off the nitric 
oxide at its source. Also, the removal from 
the gas of free oxygen would prevent trou¬ 
ble from this form of gum since oxygen is 
essential for its formation. Removal of 
oxygen from gas, however, is difficult and 
would involve considerable expense. Re¬ 


moval of the reactive hydrocarbons would 
also prevent formation of the gum, but usu¬ 
ally this is not practicable because of the 
resultant loss in heating value of the gas, 
as well as for other reasons. In many 
cases, therefore, it is desirable to remove 
the nitric oxide from coal gas in order to 
prevent trouble from nitrogenous gum, and 
various processes have been proposed or 
used to accomplish this result. 

One type of process that has proved to 
be quite efficient in large-scale operation 
over a period of years involves subjecting 
the gas to the action of an electrical brush 
discharge.^^ The apparatus, or “treater,” 
for carrying out this process consists of rec¬ 
tangular chambers provided with series of 
plate electrodes arranged parallel to one 
another and only an inch or two apart. 
Each alternate electrode has protruding 
from it a large numlier of sharp-pointed 
pins. A high-tension alternating current is 
imposed on these electrodes so that there 
is a flow of electricity in the form of a 
brush discharge from the pointed electrodes 
to the plain plate electrodes. The gas flow¬ 
ing through the chambers is thereby highly 
ionized and a reaction is caused to take 
place that results in a transformation of 
the nitric oxide so that it can readily be 
removed from the gas in a subsequent 
scrubber. One installation of this electrical 
process has been treating about 24,000,000 
cubic feet of coal gas per day since 1935, 
showing a nitric oxide removal efficiency of 
97 to 98 percent. Another installation is 
now being made in a coal-gas plant of even 
greater capacity. 

Another process for removal of nitric 
oxide involves the use of more or less fouled 
iron oxide, such as is employed for the re- 

77 Shively, W. L., and Harlow, E. V., Am. Oas 
Ahhoc., Prod. Conf. 19S6; Trans. Electrochem. 
Soc., 09, 495-514 (1936). 
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moval of hydrogen sulfide from gas/® Since 
iron oxide is very often used for the pur¬ 
pose of purifying gas of hydrogen sulfide, 
some nitric oxide is always removed in such 
cases whether it is purposeful or not. The 
active material for absorption of the nitric 
oxide is iron sulfide, and so those boxes 
which are the most fouled from the stand¬ 
point of hydrogen sulfide removal are the 
most active for removal of nitric oxide. 
The first stage of this absorption appears 
to be physical adsorption followed by for¬ 
mation of complex ferronitrosyl sulfides or 
Roussin salts. Apparently this compound 
later reacts to form substances very similar 
to the nitrogenous gum. This type of proc¬ 
ess has been used to some extent in certain 
plants that are well provided with oxide 
box capacity and which are not subjected 
to high oxygen content of the gas or irregu¬ 
lar conditions that tend to reverse the ab¬ 
sorption of nitric oxide so that it would be 
released and sent out with the gas supply 
after first being absorbed. 

Some experiments in England have in¬ 
dicated removal of nitric oxide coincident 
with the catalytic removal of organic sul¬ 
fur from coal gas. However, since the first 
announcement of this process there has 
been no published confirmation of success¬ 
ful commercial use. 

Removal of Water Vapor 

As was pointed out in a previous chap¬ 
ter, the water vapor present in coal gas is 
simply an inert and has no significant effect 
on the combustion of the gas, except as it 
may affect the flame temperature. How¬ 
ever, coal gas leaving the point of manu¬ 
facture is generally saturated with water 
vapor, and any decrease in temperature 
causes condensation of water in the gas- 

78 Jordan, C. W., Ward, A. L., and Fulweiler, 
W. H., Ind. Eng. Chem., 27, 1180-90 (1935). 

70 Griffith. R. H., Qas J., 220, 480-2 (1937). 


distribution mains, which may lead to de¬ 
posits that will cause stoppage of gas flow 
in the mains. The freeze-ups in exposed 
sections of pipe, where the condensed water 
is converted into ice, are examples. This 
trouble is relatively minor, however, com¬ 
pared to the effect of liquid water in pro¬ 
moting corrosion of gas mains; such corro¬ 
sion constitutes a very appreciable item of 
expense in addition to causing stoppages. 

Because of the harmful effects caused by 
the condensation of liquid water in gas-dis- 
tribution systems, various commercial proc¬ 
esses have been developed for the partial 
removal of water vapor before the gas 
leaves the manufacturing plant; these proc¬ 
esses have been included under the general 
designation of ^^gas conditioning.’^ 

One of the earliest complete discussions 
of the subject of removal of water vapor 
from manufactured gas was by Sperr in 
1926.®® His classification of the methods 
available for removal of moisture from gas 
remains as valid today as it was at that 
time. He discussed the following four 
methods: (1) compression; (2) refrigera¬ 
tion; (3) treatment with hygroscopic sub- 
stanccvs; and (4) treatment with adsorbents. 

Compression, When coal gas or any 
other gas is compressed and then cooled, 
water vapor condenses and the condensate 
may be removed. If this gas is then ex¬ 
panded to a lower pressure, it will bo iin- 
saturated with respect to w'ater vapor. 
Although removal of water vapor is some¬ 
times secured by this method as an inci¬ 
dental effect of compression of the gas for 
transmission purposes, it has found no ap¬ 
plication in the gas intlustry as a process 
having for its sole and specific objective 
the partial removal of moisture. The rea¬ 
sons are that the method is expensive 

80 Sperr, F. W., Jr., Proc. Am. Gas Assoc., 
1920. 1250-73. 



REMOVAL OF WATER VAPOR 


1251 


owing to cost of power for compression and 
that equally satisfactory and more eco¬ 
nomical methods are available. Some cost 
calculations made by Bragg indicated a 
total cost of 0.91 cent per 1,000 cubic feet 
in winter and 0.58 cent in summer for the 
dehydration of coal gas by this scheme. 

Refrigeration. If coal gas is cooled at 
the plant to a temperature somewhat lower 
than the lowest temperature encountered 
in the distribution system, the water dew 
jioint of the gas will be lowered to a point 
where no more condensation will occur. 
I’his method has been applied commercially 
for the partial removal of walei Irom gas, 
either alone or in combination with the use 
of hygroscopic solutions. The theoretical 
considerations involved in this method have 
been given by Sperr.^° The costs for this 
system applied to coal gas have been esti¬ 
mated by Bragg as being 0.90 and 0.81 
cent per 1,000 cubic feet for summer and 
winter conditions, respectively, when the 
compression system of refrigeration is used, 
and 0.74 and 0.66 cent per 1,000 cubic feet 
for summer and winter conditions, respec¬ 
tively, when the absorption system of re¬ 
frigeration is used. 

A rather novel system of partial gas de¬ 
hydration by refrigeration in operation at 
Poughkeepsie, N. Y., has been described by 
ShivelyAt this plant, water is cooled 
by means of vacuum pumps and the cooled 
water so produced is used in an indirect- 
type gas cooler to bring the dew point of 
the gas to a temperature lower than the 
lowest temperature of the gas-distribution 
system. 

Treatment with Hygroscopic Substances. 
This method is by far the most popular for 
the partial removal of moisture from, coal 
gas and other fuel gases, the reasons being 
the relatively low installation and operating 

81 Bragg. G. A.. iUd , 1928, 1664-72. 

82 Shively, W. L., ibid., 1988, 501-16. 


costs, ease of control, and the wide range 
of hygroscopic substances that may be 
used. In general, the system comprises an 
absorber tower where the gas is contacted 
with a hygroscopic or water-absorbing solu¬ 
tion, pumps for recirculating the absorbent 
solution through the tower, an evaporator 
for driving off the water absorbed by the 
solution, thereby regenerating it for further 
use, and various heat exchangers or coolers 
for the solution. 

One of the most common absorbent 
liquids is a solution of calcium chloride. 
Bragg has estimated the costs for this 
pro^'ess as being 0.71 and 0.64 cent per 
1,000 cubic feet, for summer and winter 
conditions, respectively. A description of 
the calcium chloride system has been given 
by Shively.®^ On the basis of several years 
of operating experience he gave the operat¬ 
ing costs for this system as 0.40 to 0.48 
cent per 1,000 cubic feet. 

The partial dehydration of gas by sul¬ 
furic acid has also been proposed,®® but as 
far as is known no commercial installations 
have yet been made. In England glycerin 
has been used for dehydration of gas in 
several plants.®® Diethylene glycol has 
been employed as the absorbent liquid in 
several gas-dehydration plants in thd United 
States, but only in those plants treating 
natural gas under pressure,®^ and it is not 
known to have yet been applied to coal gas. 

Treatment with Adsorbents. In 1926, 
Sperr ®® discussed the possible use of silica 
gel as an adsorbent to partially dehydrate 
gas. Later, Shively discussed not only 
silica gel but also activated alumina as ad¬ 
sorbents for water vapor from natural gas 
under high pressures. As far as is known, 
solid adsorbents have not been used for 
dehydration of coal gas. 

83 Tupbolme, C. H. S.. Oaa Age-Reoord, 68, 
311-8 (1929). 

84 Carson. H. J., ibid., 82. No. 8. 17-8 (1988). 



CHAPTER 30 


UTILIZATION OF COAL GAS 

Louis Shnidman 

Chief Chemist and Laboratory Director, Rochester Gas d Electric Corporation 
Rochester, New York 


Coal gas represents one of the more im¬ 
portant fuel gases and as such has found 
wide and extensive application. The field 
of gas utilization involves many detailed 
and specific applications. Today, we rec¬ 
ognize four main fields of service: residen¬ 
tial, commercial, industrial, and chemical. 
In these fields coal gas is sold as a service 
that delivers energy in a convenient, flex¬ 
ible form that is ever ready. The residen¬ 
tial field represents the use of coal gas in 
the home. The commercial field includes 
the use of gas in hotels, clubs, restaurants, 
stores, business establishments, and the like. 
Industry uses gas for various heating oper¬ 
ations, in manufacturing, heat treatment, 
atmosphere control, welding, etc. The 
chemicJil field where coal gas is used for the 
production of other materials is of recent 
development. 

The first practical use of coal gas was 
made by William Murdock, a Scotch engi¬ 
neer, in the year 1792. He distilled coal in 
an iron retort and by the use of copper 
and tin pipes lighted his home with coal 
gas. Coal gas now offered the world a 
means of bringing light where darkness for¬ 
merly existed. Later Murdock was em¬ 
ployed by James Watt, the inventor of the 
steam engine, and lighted one of his foun¬ 
dries with the recently discovered coal gas. 
This new form of gas lighting attracted 
wide attention at a public exhiliition in 


1802 at the time of the signing of the 
Peace of Amiens. 

The first gas company started in Lon¬ 
don in 1812 by a special charter granted 
by Parliament. It made gas by heating 
coal and lighted Westminster Bridge. The 
success of gas lighting in London resulted 
in its rapid spread to other countries. In 
the United States, Baltimore was the first 
city to light its streets with coal gas in 
1816. Thus, the first use of gas was for 
street lighting. Later public buildings were 
lighted in this manner, and a few wealthy 
citizens also lighted their homes with coal 
gas. It was not until 1865 to 1875 that the 
use of gas for home lighting began to make 
any great progress. 

The modern Bunsen burner was invented 
in 1855. This burner, premixing gas and 
air, made it possible to burn gas more 
economically with an intensely hot but 
smokeless flame. It was this development 
that w'as instrumental in giving a great im¬ 
petus to the further use of gas. 

Bituminous coals known as gas coals 
when heated to a high temperature out of 
contact with air yield coal gas. A variety 
of coal gases with different compositions 
and.heating value are produced, depending 
upon the equipment, temperatures, and the 
process of manufacture. Typical analyses 
of purified coal gases are presented in 
Table 1. 
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TABLE I 

Typical Gas Analyses 
(Constituents in Percent by Volume) 
_ Coal Gas 

Continuous 



Horizontal 

Inclined 

Vertical 

Cdce^Iven 


Retort 

Retort 

Retort 

Gas 

Carbon dioxide 

2.4 

1.7 

3.0 

2.0 

Oxygen 

0.8 

0.8 

0.2 

0.3 

Nitrogen 

11.3 

8.1 

4.4 

4.8 

Carbon monoxide 

7.4 

7.3 

10.9 

5.5 

Hydrogen 

48.0 

49.5 

54.5 

51.9 

Methane 

27.1 

29.2 

24.2 

32.3 

Illuminants 

3.0 

3.4 

2.8 

3.2 

Specific gravity 

Btu per ouinc foot 

0.47 

0.47 

0.42 

0.40 

((WF, 30 inches 
of mercury, dry) 





Gross 

542 

599 

532 

569 

Net 

486 

540 

477 

509 


Examination of Table I shows that coal 
gases consist mainly of hydrogen, around 
50 percent; methane, 24 to 32 percent; 
carbon monoxide, 6 to 13 percent; nitro¬ 
gen, 4 to 11 percent; and smaller quanti¬ 
ties of illuminants, carbon dioxide, and 
oxygen. The types of coal gases shown 
differ but little from one another in gen¬ 
eral characteristics. 

Coke-oven gas is produced in an analo¬ 
gous manner to retort coal gas, but the size 
of the charge, operating temperatures, and 
other features of the process are different. 
A complete analysis of coke-oven gas is 
presented in Table II, where the gases in¬ 
cluded under the term ^‘illuminants” have 
been separated by special low-temperature 
fractional analysis. The principal gases 
usually included under illuminants are 
ethylene, propylene, butylene, benzene, tol¬ 
uene, xylene, and acetylene. 

Combustion 

The chemical union of oxygen with other 
elements has been termed oxidation. When 
union of oxygen with a combustible sub¬ 
stance occurs, the process is known as com- 


TABLE II 

Analysis op Coke-Oven Gas^ 

Gas from Koppers Ovens 

Washed with 
Straw Oil and 


Component 

Unwashed 

Light Oil Removed 

Hydrogen sul- 

fide 

0.7 

0.7 

Carbon dioxide 

1.7 

1.5 

Nitrogen 

0.9 

1.0 

Hydrogen 

56.7 

57.2 

Carbon monox- 

ide 

5.7 

5.8 

Methane 

29.6 

29.2 

Ethane 

1.28 

1.35 

Illuminants: 

Ethylene 

2.45 

2.50 

Propane 

0.08 

0.11 

Propylene 

0.31 

0.29 

Butane 

0.02 

0.04 

Butylene 

0.16 

0.18 

Acetylene 

0.05 

0.05 

Light-oil frac- 

tion 

0.65 

0.13 


bust ion. The combustion or burning of 
materials is accompanied by the evolution 
of light and the rapid liberation of heat. 
,Coal gas on burning uiptes with oxygen, 
producing light and liberating heat. For a 
full understanding of how this process oc¬ 
curs, and for the proper application and 
use of coal gas, the chemistry of combustion 
must be considered briefly. 

Fuels are generally classified into three 
classes, namely, solid, liquid, and gaseous. 
The solid fuels incJude coal, lignite, wood, 
peat, charcoal, and coke. The liquid fuels 
comprise liquid petroleum products, alco¬ 
hols, and tar and oils from coal carboniza¬ 
tion. The more important gaseous fuels 
include coal gas, water gas, producer gas, 
refinery gas, and natural gas. 

1 American Gas Association, Fuel-Flue Qraece, 
Am. Gas Assoc., New York, 1940, 198 pp. 
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Tor all practical purposes combustion of 
fuels consists of the chemical union of car¬ 
bon, hydrogen, sulfur, or their compounds 
with oxygen. Combustion calculations and 
their application to utilization problems are 
based on a few simple laws as follows: 

1. Law of the conservation of matterj 
which states that matter cannot be created 
or destroyed. 

2. Law of the conservation of energy, 
which states that energy cannot be created 
or destroyed. 

3. Law of combining weights, often called 
the law of reciprocal proportions, which 
states that the weights of elements or com¬ 
pounds which combine with each other 
have a definite simple relationship. 

4. The gas law, which states that the 
volume of a gas is directly proportional to 
its absolute temperature and inversely pro¬ 
portional to its absolute pressure. 

The number of chemical reactions in¬ 
volved in combustion processes are few, 
and those of prime importance are pre¬ 
sented in Table III. 


To simplify combustion calculations, the 
pound mole system is used. ^Tound mole^^ 
is merely an abbreviation of the pound- 
molecular weight, which represents the mo¬ 
lecular weight in pounds of the given sub¬ 
stance, in place of the molecular weight in 
grams so common in scientific investiga¬ 
tions. The equations in Table III show the 
heat evolved or absorbed on the basis of a 
pound mole of the reacting material. Equa¬ 
tion 2 indicates that 1 pound mole of car¬ 
bon (12 pounds), when burned to carbon 
dioxide, liberates 174,530 Btu. Equations 
3 and 4 show the heat to be supplied to 
cause the reaction to take place. 

COMBUSTION CALCULATIONS 

The field of gas utilization involves many 
items of interest and value which can be 
directly calculated or derived from the gas 
analysis. The steps in the calculation of 
combustion data are illustrated by the ap¬ 
plication to a specific gas, but the prin¬ 
ciples involved are the same for other gases. 
For convenience, reference is made to Table 


TABLE III 


Chemical Reactions 


Combustible Substance 

Reaction Btu per Pound Mole 

( 1 ) Carbon to carbon monoxide 

C + iOj = CO 

4- 

54,000 

( 2 ) Carbon to carbon dioxide 

C + O 2 = CO 2 

+ 

174,000 

(3) Carbon 4 - carbon dioxide 

C + CO 2 = 2 CO 

- 

70,200 

(4) Carbon + water vapor 

C + HjO = CO + H 2 

- 

71,000 

(5) Carbon 4 - water 

C + 2 HsO = CO 2 + 2 H 2 

- 

72,000 

( 6 ) Carbon monoxide 

CO + §02 - CO 2 

4- 

122,400 

(7) Carbon monoxide 4- water 

CO + H 2 O = CO 2 + H 2 

— 

700 

( 8 ) Hydrogen 

H, + i02 = H 2 O 

4- 

123,100 

(9) Sulfur to sulfur dioxide 

S + O 2 — SO 2 

4- 

126,000 

(10) Sulfur to sulfur trioxide 

S + IO 2 = SO 3 

+ 

20,500 

( 11 ) Methane 

CH 4 + 202 = C 02 + 2 H 20 

4- 

382,000 

( 12 ) Ethane 

C 2 H 6 + io, = 2 CO 2 + 3 H 2 O 

4- 

667,000 

(13) Propane 

C 2 H 8 + 502 — 3 C 02 "f" 4 H 20 

4- 

950,000 

(14) Butane 

C 4 H 10 + V 02 = 4 CO 2 + 5 H 20 

4- 1,232,000 

(15) Acetylene 

C 2 H 2 + |02 = 2 CO 2 + H 2 O 

4- 

550,000 

(16) Ethylene 

C 2 H 4 + 302 = 2 CO 2 + 2 H 2 O 

4- 

600,000 

(17) Benzene 

C,H, + ^2 = 6 CO 2 + 3 H 2 O 

4-1,360,000 
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IV, in which the physical constants and 
combustion data are given for all the com¬ 
mon chemical compounds which may be a 
part of the mixture. The first step is to 
set up a combustion table and chart. What 
follows is adapted from Fuel-Flue Gases} 
First write down the analysis of 1 cubic 
foot of the gas in a vertical column at the 
left-hand side of a large sheet of paper as 
shown in Table V. Note that the illumi- 
nanfs, in this case ethane and benzene, are 
shown divided. In column 2, the amount 
of oxygen required is entered. Since the 
gas contains some oxygen which will help 
in combustion, this appears as a negative 
quantity in the second column. The other 
amounts of oxygen result from multiplying 
the values in column 1 by the number of 
cubic feet of oxygen required for combus¬ 
tion per cubic foot of combustible as given 
in Table IV. This column adds up to 
0.9895 cubic foot, and this sum is divided 
by the percentage of oxygen in air (20.99). 
The quotient 4.714 is shown in the third 
column and, underneath it, the amount of 
water vapor which would be carried by 
the air and the gas. 

In the case of the gas, if saturated at 
60° F, the amount of water vapor would 
be 0.0174 cubic foot, and if the air were 
40 percent saturated at the same tempera¬ 
ture, there would be 

4.714 X 0.40 X 0.0174 = 0.034 cubic foot 

The sum of the moisture in the gas and 
air, 0.051, appears in the third column in 
the appropriate place. 

The first conclusion to be drawn from 
these results is that for perfect combustion 
this gas would require 4.714 cubic feet of 
air for each cubic foot of dry gas burned. 
This corresponds to 1.0174 cubic feet of 
metered gas. This figure will be useful in 
calculating the excess air. 


The next four columns deal with the cal¬ 
culation of the products of perfect com¬ 
bustion. The values result from multiply¬ 
ing the appropriate data in Table IV by 
the composition of this gas, as in the first 
column. Of course, the water vapor orig¬ 
inally present is entered, and so are the 
amounts of carbon dioxide and nitrogen, 
including both the nitrogen in the gas and 
that which comes in with the combustion 
air. All the items are totaled both verti¬ 
cally and horizontally, and the figure 5.502 
cubic feet is secured as the total volume of 
the products of combustion after they have 
been cooled to 60". However, this is a 
theoretical figure because most of the water 
would have condensed under such condi¬ 
tions. The flue gases, however, would still 
be saturated with water vapor at 60"; con¬ 
sequently, to find the saturated volume, it 
is first necessary to deduct the amount of 
water vapor condensed and to add 1.74 per¬ 
cent to the dry volume to bring it to satu¬ 
rated conditions. This small percentage of 
added water behaves as a perfect gas. The 
amount equals 


4.466 + (0.0174 X 4.466) 

Dry Volume 

volume water vapor 


4.544 cubic feet 

Saturated 

volume 


Ultimate Carbon Dioxide. The ultimate 
carbon dioxide is the maximum percentage 
of carbon dioxide which can be found in 
the flue gases under perfect combustion 
conditions. It is useful as an index of the 
operating efficiency of the appliance. It is 
calculated as the quotient of the volume of 
carbon dioxide produced divided by the 
total dry volume. For this gas it would be 


0.621 

4.466 


X 100 = 13.9 percent 


Either equation 1 or 2 may be used to cal¬ 
culate the ultimate carbon dioxide, as fol¬ 
lows (see p. 1259): 
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TABLE 

Combustion 


No. 

Substance 

Molecular 
Weight • 

Pounds 
per CuImo 
F oott 

Cubic Feet 
per 

Pound t 

Specific 
Gravity 
Air ■» 
1.0001 

Heat of Co: 

Btu per Culac Foot 

mbustion t 

Btu per Pound 

Gross 

Net* 

Gross 

Net* 

1 


12.01 






14,093 * 

14,093* 

2 

Hydrogen 

2.016 

0.005327 

187.723 

0.06959 

325.0 

276.0 

61,100 

5l'623 

3 


32.000 

0.08461 

11.819 

1.1053 





4 


28.016 

0.07439 { 

13.443 6 

0.9718 6 





5 

Carbon monoxide 

28.01 

0.07404 

13.506 

0.9672 

321.8 

321.8 

4,347 

4,347 

6 


44.01 

0.1170 

8.548 

1.5282 






Paraffin series CnH 2 n 42 









7 

Methane 

16.041 

0.04243 

23.565 

0.5543 

1,013.2 

913.1 

23,879 

21,520 

8 

Ethane 

30.067 

0.08029 S 

12.455 6 

1.04882 6 

1,792 

1,641 

22,320 

20,432 

9 

Propane 

44.092 

0.1196 S 

8.365 6 

1.5617 5 

2,590 

2,385 

21,661 

19,944 

10 

n-Butane 

58.118 

0.1582 i 

6.3216 

2.06654 6 

3,370 

3,113 

21,308 

19,680 

11 

Isobutane 

58.118 

0.1582 § 

6.321 6 

2.06654 6 

3,363 

3,105 

21,257 

19,629 

12 

n-Pentane 

72.144 

0.1904 6 

5.252 6 

2.4872 6 

4,016 

3,709 

21,091 

19,517 

13 

Isopentane 

72.144 

0.1904 6 

5.252 6 

2.4872 6 

4,008 

3,716 

21,052 

19,478 

14 

Neopentane 

72.144 

0.1904 6 

5.252 6 

2.4872 6 

3,993 

3,693 

20,970 

19,396 

15 

n-Hexane 

86.169 

0.2274 6 

4.398 6 

2.9704 6 

4,762 

4,412 

20,940 

19,403 


Olefin series CnHsn 

1 


1 






16 

Ethylene 

28.051 

0.07456 

13.412 

0.9740 

1,613.8 

1,513.2 

21,644 

20,295 

17 

Propylene 

42.077 

0.1110 6 

9.007 6 

1.4504 6 

2,336 

2,186 

21,041 

19.691 

18 

n-Butene (Butylene) 

56.102 

0.1480 6 

6.756 6 

1.9336 6 

3,084 

2,885 

20,840 

19,496 

19 

Isobutene 

56.102 

0.1480 6 

6.756 6 

1.9336 6 

3,068 

2,869 

20,730 

19,382 

20 

n-Pentcne 

70.128 

0.1852 6 

5.400 6 

2.4190 6 

3,836 

3,586 

20,712 

19,363 


Aromatic series CnHjn^e 









21 

Benzene 

78.107 

0.2060 6 

4.852 6 

2.6920 6 

3,751 

3,601 

18,210 

17,480 

22 

Toluene 

92.132 

0.2431 6 

4.113 6 

3.1760 6 

4,484 

4,284 

18,440 

17,620 

23 

Xylene 

106.158 

0.2803 6 

3.567 6 

3.6618 6 

5,230 

4,980 

18,650 

17,760 


Miscellaneous gases 









24 

Acetylene 

26.036 

0.06971 

14.344 

0.9107 

1,496 

1,448 

21,500 

20,776 

25 

Naphthalene 

128.162 

0.3384 6 

2.955 6 

4.4208 6 

5,854* 

5,654* 

17,298 * 

16,708 * 

26 

Methyl alcohol 

32.041 

0.0846 6 

11.820 6 

1.1052 6 

867.9 

768.0 

10,259 

9,078 

27 

Ethyl alcohol 

46.067 

0.1216 6 

8.221 6 

1.5890 6 

1,800.3 

1,450.5 

13,161 

11,929 

28 

Ammonia 

17.031 

0.0456 6 

21.914 6 

0.5961 6 

441.1 

365.1 

9,668 

8,001 

29 

Sulfur 

32.06 






3,983 

3,983 

30 

Hydrogen sulfide 

34.076 

0.09109 6 

10.979 6 

1.1898 6 

647 

596 

7,100 

6,545 

31 

Sulfur dioxide 

64.06 

0.1733 

5.770 

2.264 





32 

Water vapor 

18.016 

0.04758 6 

21.017 6 

0.6215 6 





33 

Air 

28.9 

0.07655 

13.063 

1.0000 






All gas volumes corrected to 60" F and 30 In. Hg, dry. For gases saturated with water at 60" F, 
1.74 percent of the Btu value must be deducted. 

* Calculated from atomic weights given in J. Am. Chem. 8oc., 59» 225 (1937). 

t Densities calculated from values given in grams per liter at 0" C and 760 mm in the International 
Critical Tables, allowing for the known deviations from the gas laws. Where the coefficient of 
expansion was not available, the assumed value was taken as 0.0037 per °C. Compare this with 
0.003062, which is the coefficient for a perfect gas. Where no densities were available tlie volume of 
the mole was taken as 22.4115 liters. 

t Converted to mean Btu per pound (1/180 of the heat per pound of water from 32® F to 2X2® P) 
from data by F. D. RoBsinl, National Bureau of Standards, letter of April 10, 1937, except as noted. 
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IV 

Constants ' 


Cubic Feet per Cubic Foot of Combustible 

Pounds per Pound of Combustible 

Experi¬ 
mental 
Error in 
Heat of 
Com¬ 
bustion 
Percent 
-for- 

Required for Combustion 

Flue Products 

Required for Combustion | 

Flue Products 

Oxygen 

Nitro¬ 

gen 

Air 

Carbon 

Dioxide 

Water 

Nitro¬ 

gen 

Oxy¬ 

gen 

Nitro¬ 

gen 

Air 

Carbon 

IXoxide 

Hydro¬ 

gen 

Nitro¬ 

gen 







2.684 

8.863 

11.527 

3.664 


8.863 

0.012 

0.5 

1.882 

2.382 


1.0 

1.882 

7.937 

26.407 

34.344 


8.937 

26.407 

0.015 

0.6 

1.882 

2.382 

1.0 


1.882 

0.571 

1.900 

2.471 

1.571 


1.900 

0.045 

2.0 

7.528 

9.528 

1.0 

2.0 

7.628 

3.990 

13.275 

17.265 

2.744 

2.246 

13.275 

0.033 

3.5 

13.175 

16.675 

2.0 

3,0 

13.175 

3.725 

12.394 

16.119 

2.927 

1.798 

12.304 

0.030 

5.0 

18.821 

23.821 

3.0 

4.0 

18.821 

3.629 

12.074 

15.703 

2.994 

1.634 

12.074 

0.023 

6 5 

24.467 ■ 

30 967 

4 0 

5 0 

24 467 

3.579 

11 908 

15 487 

3.029 

1.650 

11 008 

0.022 

6.5 

24.467 

30.967 

4.0 

5,0 

24.467 

3.579 

11.908 

15.487 

3.029 

1.550 

11.908 

0.019 

8.0 

30.114 

38.114 

5.0 

6.0 

30.114 

3.548 

11.805 

15.3.53 

3.050 

1.498 

11.805 

0.025 ' 

8.0 

30.114 

38.114 

5.0 

6.0 

30.114 

3.548 

11.805 

15.353 

3.050 

1.498 

11.805 

0.071 

8.0 

30.114 

38.114 

5.0 

6.0 

30.114 

3.548 

11.805 

15.353 

3.050 

1.498 

11.805 

0.11 

9.5 

35.760 

45.260 

6.0 

7.0 

35.780 

3.528 

11.738 

15.266 

3.064 

1.464 

11.738 

0.05 

3.0 

11.293 

14.293 

2.0 

2.0 

11.293 

3.422 

11.385 

14.807 

3.138 

1.285 

11.385 

0.021 

4.5 

16.939 

21.439 

3.0 

3.0 

16.939 

3.422 

11.385 

14.807 

3.138 

1.285 

11.385 

0.031 

6.0 

22.585 

28.585 

4.0 

4.0 

22.585 

3.422 

11..385 

14.807 

3.138 

1.285 

11.385 

0.031 

6.0 1 

22.585 

28.585 

4.0 

4.0 

22.585 

3.422 

11.385 

14.807 

3.138 

1.285 

11.385 

0.031 

7.5 

28.232 

35.732 

5.0 

5.0 

28.232 

3.422 

11.385 

14.807 

3.138 

1.285 

11.385 

0.037 

7.5 

28.232 

35.732 

6.0 

3.0 

28.232 

3.073 

10.224 

13.297 

3.381 

0.692 

10.224 

0.12 

9.0 

33.878 

42.878 

7.0 

4.0 

33.878 

3.126 

10.401 

13.527 

3.344 

0.782 

10.401 

0.21 

10.5 

39.524 

50.024 

8.0 

5.0 

39.524 

3.165 

10.530 

13.695 

3.317 

0.849 

10.530 

0.36 

2.5 

9.411 

11.911 

2.0 

1.0 

9.411 

3.073 

10.224 

13.297 

3.381 

0.692 

10.224 

0.16 

12.0 

45.170 

57.170 

10.0 

4.0 

45.170 

2.996 

9.968 

12.964 

3.434 

0.562 

9.968 

3 

1.5 

5.646 

7.146 

1.0 

2.0 

5.646 

1.498 

4.084 

6.482 

1.374 

1.125 

4.984 

0.027 

3.0 

11.293 

14.293 

2.0 

3.0 

11.293 

2.084 

6.934 

9.018 

1.922 

1.170 

6.934 

0.030 

0.75 

2.823 

3.573 


1.5 

3.323 

1.409 

4.688 

6.097 


1.587 

5.511 

0.088 







0.998 

3.287 

4.285 

1.998 (SOa) 


3.287 

0.071 

1.5 

5.646 

7.146 

1.0 (SO 2 ) 

1.0 

5.646 

1.409 

4.688 

6.097 

1.880 (SOa) 

0.529 

4.688 

0.30 


I Denotes that either the density or the coefficient of expansion has been assumed. Some of the 
materials cannot exist as gases at eo" F and 30 In. llg pressure, In which case the values are theo¬ 
retical ones given for ease of calculation of gas problems. Under the actual concentrations in which 
these materials are present their partial pressure is low enough to keep them as gases. 


2 Osborne, N. S,, Stimson, H. F., and Gin- 
nliigs, D. C., Mech. Eng., 57, 162-3 (1935). 
Osborne, N. S., Stimson, H. F., and Fiock, E. F., 
Natl. Bur. Standards V. 8., Research Paper 309 
(1930), 70 pp. 


3 American Gas Association, Combustion, Am. 
Gas Assoc., New York, 3rd ed., 1932, 208 pp. 

4 Rossini. F. D., and Jessup, R. S., Natl. Bur. 
Standards U. 8., Research Paper 1141 (1938), 
23 pp. 
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TABLE V 

Combustion Table ^ 

Mixed Coke-Oven and Carburetted Water Gas 

Mixture before Combustion 



, - 


-« 

Cubic Feet of Products of Combustion 

Gross 

Net 


CuFt 

Oa 

Air and 

1 - 




Btu 

Btu 


of Gas 

Required 

HaO 

HaO 

COa 

Na 

Total 

60-30 Dry 

60-30 Dry 

co« 

0 034 




0 034 


0 034 



Oa 

0 003 

-0 0030 








Na 

0 120 





0 120 

0 120 



CO 

0 174 

0 0870 



0 174 


0 174 

56 2 

56 2 

Ha 

0 368 

0 1840 


0 368 



0 368 

119 2 

100 7 

CH 4 

0 249 

0 4980 


0 498 

0 249 


0 747 

253 1 

228 0 

CaH4 

0 037 

0 1110 


0 074 

0 074 


0 148 

60 3 

56 6 

CsHs 

0 015 

0 1125 


0 045 

0 090 


0 135 

56 1 

53 8 

Dry air 



4 714 



3 725 

3 725 



HaOfair and gas) 



0 051 

0 051 



0 051 




1 000 

0 9895 


1 036 

0 621 

3 845 

5 502 

544 9 

495 3 


Less 1 036 
Volume (dry) 4 466 


0.621 

Ultimate COji»«- 

4 466 


13 9% 


tlue gas volume (dry) 


0 621 X 100 
‘ 0 CO 2 (analysis) 


Volume of excess air » volume of flue gases (dry) — flue gas volume (dry) for perfect combustion, 1 e 4 466 for this gas 


% COa by ^ue Gas Analysis 

13 9 

12 0 

11 0 

10 0 

9 0 

Item No 

Volume excess air 



0 709 

1 179 

1 744 

2 434 

2 

Nitrogen 



3 845 

3 845 

3 845 

3 845 

3 

Total Na + Oa 



4 554 

5 024 

5 589 

6 279 

4 

Volume oxygen 



0 149 

0 247 

0 366 

0 511 

7 

Percent excess air 



15 1 

25 0 

37 0 

51 7 

6 


fCOa 

13 9 

12 0 

11 0 

10 0 

9 0 

8 


Oa 

0 0 

2 8 

4 4 

5 9 

7 4 

9 

Flue gas analysis % by volume' 

Na 

86 1 

85 2 

84 6 

84 1 

83 6 

10 


. Total 

100 0 

100 0 

100 0 

100 0 

100 0 



COa 

0 621 

0 621 

0 621 

0 621 

0 621 

11 


O. + Na 

3 845 

4 554 

5 024 

5 589 

6 279 

5 

Cubic feet of products of combus- ^ 
tion per cubic foot of gas burned 

Total dry 
HaO 

4 466 

1 036 

5 175 

1 036 

5 645 

1 036 

6 210 

1 036 

6 900 

1 036 

1 

12 

i 

i 

Total wet 

5 502 

6 211 

6 681 

7 246 

7 936 

13 

Partial pressures in atmospheres j 

fCOa 

HaO 

0 113 

0 188 

0 100 

0 167 

0 093 

0 155 

0 086 

0 143 

0 078 

0 130 

14 

15 


Temp, T 

COa HaO 

COa HaO 

COa HaO 

COa HaO 

CO 2 HaO 



3,800 

17 b 2 6 







3,700 

14 4 2 1 






Percent dissociation of flue gases ^ 

3 600 

3.500 

11 7 19 

9 5 16 

6 7 11 

4 8 0 8 

5 5 

4 0 0 7 

4 85 

3 50 

4 4 

3 2 



3 400 

7 8 13 

3 4 0 6 

2 8 0 5 

2 4 

2 2 



3.200 

4 2 0 8 

1 5 

1 2 

1 05 

0 95 



3,000 

2 3 0 5 

0 6 

0 45 

0 40 

0 35 



3.630 3.450 3 295 3 110 2.800 


Flame temperature, ‘’F 



COMBUSTION CALCULATIONS 


1259 


or 


TTi.• . X Cubic feet CO 2 per cubic foot gas X 100 

Ultimate percent CO 2 =- ;;r7-r^ — -v. ; ^ - 

Total dry cubic feet flue gases 


Ultimate percent CO 2 


Percent CQ 2 in flue-gas sample X 100 
Percent Q 2 in same sample 
0.2099 


( 1 ) 

( 2 ) 


Volume of Flue Gases. Since the usual 
operating conditions for appliances require 
the use of excess air, this can be calculated 
in terms of the percentage of carbon diox¬ 
ide. The total volume of flue gases rises 
with the excess air as the percentage of the 
carbon dioxide in the flue gas drops below 
the ultimate value. The following expres¬ 
sion is used to calculate the volume of the 
flue gases. 


air is entered as item 2 at the head of Ta¬ 
ble V. Item 3 in the table is the cubic feet 
of nitrogen in the flue gases, which, in this 
example, is 3.845. The sum of items 2 and 
3 gives the total nitrogen and oxygen in 
the flue gases. They are brought together 
in this way because the specific heat of 
these two gases is the same and later com¬ 
putations of the heat content of the flue 
gases will be facilitated. Item 5 is a repe- 


Total volume of 1 Cubic feet CO 2 produced per cubic foot gas burned X 100 

flue gases (dry) j Percent CO 2 hy analysis 


Combustion tables are generally set up 
first for perfect combustion conditions and 
then for even whole-number percentages of 
carbon dioxide as is shown in the example 
which follows. This deals with the same 
gas that has already been used in the cal¬ 
culations. 

Excess Air, Equation 4 shows the excess 
air in terms of the volume of dry flue gases 
as calculated from equation 3. 

Volume excess air = Volume flue gases 1 
(dry) from eq. 3 — Volume flue gas (4) 
(dry) for perfect combustion (4.544 
for this gas) 

To use it for setting up a combustion tabic, 
it IS customary to make a series of substi¬ 
tutions of the even-numbered percentages 
of carbon dioxide in equation 3, thus ob¬ 
taining the dry-flue-gas volume correspond¬ 
ing to each even percent of dioxide, and 
this is included as shown at item 1 (the 
eleventh line of Table V). It is then nec¬ 
essary to subtract the dry-flue-gas volume 
for perfect combustion from each of these 
figures, and the resultant volume of excess 


tition of item 4 Item 6 may now be cal¬ 
culated as a percentage of the volume of 
excess air. T\ is determined by dividing by 
the volume ol air required for perfect com¬ 
bustion, in this case 4.714. Item 7 need be 
calculated only if dissociation calculations 
are going to be made later. It is, of course, 
20.99 percent of the volume of excess air. 
Item 8 is the percentage of carbon dioxide 
in the flue-gas analysis. The first left-hand 
figure is the ultimate percentage of carbon 
dioxide, and the other values are even-num¬ 
bered amounts arbitrarily selected for con¬ 
venience. Item 9 is the percentage of oxy¬ 
gen in the flue gases determined by taking 
the ratio of item 7 to item 1. The percent¬ 
age of nitrogen is determined by deducting 
the sum of items 8 and 9 from 100, yield¬ 
ing the values in item 10. 

The next step is to determine the actual 
volume of the flue gases for varying per¬ 
centages of carbon dioxide. This leads to 
writing down as item 11, directly over item 
5, the volume of carbon dioxide produced 
per cubic foot of gas burned, which is 0.621 
cubic foot in this example. This is a check 
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of the total dry volume by addition; the 
answer must be the value entered as item 
1. In item 12, the amount of water vapor 
produced in the combustion of 1 cubic foot 
of gas is entered and the total wet flue gas 
volume obtained by adding items 1 and 12 
to give the values for item 13. Then, if 
desired, items 14 and 15 showing the par¬ 
tial pressure of carbon dioxide and water in 
atmospheres may be entered. For carbon 
dioxide, the value is obtained by dividing 
item 11 by item 13; and for water, the re¬ 
sult is obtained by dividing item 12 by 
item 13. 

Heat-Content Chart. The method of 
drawing up a heat-content chart, up to 
temperatures of about 2,200“ F, is a very 
simple matter because the dissociation ef¬ 
fects need not be considered. For con¬ 
structing a chart to cover the entire scale 
up to the flame temperature, reference 
should be made to the appropriate section 
in the Fuel-Flue Gases.^ 

Items 11, 5, and 12 are used to calculate 
the heat in the flue products. From a 
heat^content chart for carbon dioxide, wa¬ 
ter, and air, such as Fig. 1, or those given 
by Haslam and Russell,'’’ similar data may 
be obtained on a molar basis. These charts 
give the heat content above 60“ F of a unit 
volume of carbon dioxide, or water, or air 
for every temperature. By multiplying 
items 11, 5, and 12 by the values read 
from the chart and adding the results, the 
heat content of the particular gas in ques¬ 
tion is obtained. This is based on 60“ F, 
which is convenient for most calculations. 

The illustrative Tables V and VI show 
how the heat-content values used in plot¬ 
ting the chart of temperature versus heat 
content in the flue gases are obtained. This 
chart refers only to the sensible heat, and 

6 Haslam, R. T., and Russell, R. P., Fuels 
and Their Comhustiont McGraw-Hill Book Co., 
New York, 1026, 809 pp. 


latent heat must still be considered. Be¬ 
fore explaining the latent heat which is re¬ 
covered from condensation of the water 
vapor to liquid water, it might be well to 
point out that a series of calculations as 
illustrated must be carried out for every 
value of carbon dioxide and for a large 
enough number of temperatures to permit 
plotting of smooth curves. To the values 
so obtained, it is necessary to add the la¬ 
tent heat. 

In this case 1.036 cubic feet of water 
vapor is involved in combustion, and if it 
were to condense, heat would be liberated 
in the amount of 50.3 Btu for each cubic 
foot of water vapor. This unit figure is 
obtained by reference to the steam tables, 
and it has been worked out for convenience 
in calculating these charts. 

50.3 X 1.036 = 52.1 Btu 

This amount must be added to each of the 
totals given in Table VI. Thus the same 
values are obtained whicdi can be read op¬ 
posite the appropriate temperatures and 
carbon dioxide on the chart. 

The dissociation of gases plays an im¬ 
portant ])art in many applications of fuel 
gas, particularly at elevated temperatures. 
Likewise, the calculation of flame tempera¬ 
ture which is a purely theoretical value has 
a number of special uses. For a complete 
discussion of these factors, reference should 
be made to Fuel-Flue Gases.^ 

The approximate volume of theoretical 
air required and the resulting flue products 
for different types of fuels are given in 
Table VII. 

DEW POINT 

Information relative to the dew points of 
flue gases is important owing to the im¬ 
provement in design and control of gas 
equipment to obtain the maximum recov¬ 
ery of available heat. Normally, the dew 
point can be determined by calculating the 
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Fiq. 1. Heat content, above 60** F, of gases found in flue products.^ 
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TABLE VI 

Illustrative Calculation of Heat Content for Constructing Chart 


Temperature, ®F 


Heat in 1 Cubic Foot of: 


1,000 

1,200 

1,800 

Carbon dioxide 


26 Btu 

32 Btu 

52 Btu 

Water 


22 

27 

42 

Oxygen + nitrogen 


18 

22 

34 



13.9 Percent Carbon Dioxide 

Heat Content of Fuel Gases at 

_A___ - _ -_ 

Volume of: 


1,000°F 

1,200°F 

1,800° F 

Carbon dioxide (item 11) 

0.621 cu ft 

16.1 Btu 

19.8 Btu 

32.3 Btu 

Water (item 12) 

1.036 

22.8 

28.0 

43.5 

Oxygen + nitrogen (item 5) 

3.845 

69.2 

84.6 

130.8 

Total 


108.1 

132.4 

206.6 



11 Percent Carbon Dioxide 

Heat Content of Flue Gases at 


Volume of: 

1,000°F 

1,200° F 

1,800°F 

Carbon dioxide (item 11) 

0.621 cu ft 16.1 Btu 

19.8 Btu 

32.3 Btu 

Water (item 12) 

1.036 22.8 

28.0 

43.5 

Oxygen -f nitrogen (item 5) 

5.024 90.5 

110.7 

171.0 

Total 

129.4 

158.5 

246.8 


TABLE VII 




Estimation of Approximate Volume of Theoretical Air Required and Volume of Result¬ 
ing Flue Products 

Approximate 

Cubic Feet per Pound Accuracy, 

of Solid J^'uels percent Exceptions 

Theoretical air required Btu per pound X 0.0097 3 Fuels containing more than 

Total flue products Btu per pound X 0.0106 3 30 percent water 

Total water in flue products Btu per pound X 0.0008 50 

Cubic Feet per Pound 
of Liquid Fuels 

Theoretical air required Btu per pound X 0.0094 3 Results low for gasoline and 

Total flue products Btu per pound X 0.0099 3 kerosene 

Total water in flue products Btu per pound X 0.0010 20 

Cubic Feet per Cubic Foot 
of Gaseous Fuels 

Theoretical air required Btu per cubic foot X 0.0089 5 Gases of 300 Btu per cubic 

Total flue products Btu per cubic foot X 0.0104 5 foot or less 

Total water in flue products Btu per cubic foot X 0.0020 10 
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amount of water vapor present in the flue 
gas in any combustion condition as out¬ 
lined in the previous section. From the 
percentage of water vapor ol)tained, the 
dew point can be readily determined by 
reference to appropriate humidity charts. 
However, the dew points of the flue prod¬ 
ucts resulting from the combustion of sul¬ 
fur-bearing industrial fuels with varying 



Percent Dry Air in Total Dry Flue Products 


Pio. 2. 


function of 


Dew polnis of industrinl giiHcs as a 
grains sulfur per 100 cubic feet 
Btu per cubic foot 


.‘iiiumnts of excess air are different from 
those calculated from the water vapor 
alone. 

The dew point for industrial fuel gases 
can be estimated by reference to Fig. 2, 
which shows the probable effect of increas¬ 
ing the sulfur content upon the dew jtoint 
of the flue products with increasing amounts 
of excess air.® 

For example, a manufactured gas with a 
calorific value of 550 Btu per cubic foot 
and containing 15 grains of sulfur per 100 
cubic feet is burned with 40 percent excess 

6 Yeaw, J. S., and Shnidman, L., Ind. JSng. 
CMm.y 27, 1476-9 (1935), 28, 999-1004 (1930) ; 
Power Plant Eng., 48, No. 1, 68-71, No. 2, 69— 
71, No. 3, 73-5 (1943) ; unpublished data. See 
also p. 180 of ref. 1. 


air. The proper curve on Fig. 2 is chosen 
as shown by 


Grams sulfur per 100 cubic feet ^ 
Btu per cubic foot 


or 


lj5 

550 


X 100 


2.7 


This represents an imaginary curve lying 
between that shown for 0 and that for 3, 
and it is close to the 3 curve. This imag¬ 
inary curve represents the true dew point 
of all the flue-gas mixtures containing any 
amount of excess air. For a mixture with 
40 percent excess air, the true dew point is 
about 160" F. 


MECHANISM OF COMBUSTION 

Since the combustibles in coal gas consist 
essentially of hydrogen, carbon monoxide, 
and hydrocarbons, a consideration of these 
gases will bo required to understand the 
phenomena of combustion. Different the¬ 
ories have been proposed by various inves¬ 
tigators from time to time. However, the 
modern theory of the mechanism of com¬ 
bustion appears to be based on the re¬ 
searches of Bone and his collaborators,^ 
Ilinshelwood and Williamson,® Semenoff 
and his collaborators,® and Lewis and von 
Elbe.^® These authors have described ra¬ 
ther completely and theoretically the vari¬ 
ous fields advanced in the chemical reac- 

7 Bone, W. A., and Townend, D. T. A., Flame 
and Combustion in Oases, LongmanR, Green & 
Co., London, 1927, 548 pp. Bone, W. A., Newitt, 
D. M., and Townond, D. T. A., Gaseous Com¬ 
bustion at High Pressures, Longmans, Green & 
Co., London, 1929, .396 pp. 

8 Hinslielwood, C. N., and Williamson, A. T., 
The Reaction between Hydrogen and Oxygen, 
Oxford University Press, Oxford, 1934, 108 pp. 

9 Kopp, D., Kovalskii, A., Sagulin, A., and 
Semonoff, N., Z. physik. Chem., B6, 807-29 
(1930). 

10 Lewis, B., and von Elbe, G., Combustion, 
Flames, and Explosions of Oases, Cambridge Uni¬ 
versity Press, London, 1938, 415 pp. 
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tions responsible for the phenomena of 
combustion and flames.^ 

Since the combustion of hydrogen and 
car^bon monoxide differs from that of gase¬ 
ous hydrocarbons, each must be considered 
separately. When hydrocarbons burn in 
contact with air or oxygen, there is first an 
induction period during which an addition 
or association of the hydrocarbon molecule 
with oxygen occurs, forming unstable hy- 
droxylated compounds which further react 
to form aldehydes. The aldehydes thus pro¬ 
duced are further oxidized until formalde¬ 
hyde results. The formaldehyde may break 
down thermally to produce carbon monox¬ 
ide and hydrogen, or it may burn to form 
either carbon monoxide and water or car¬ 
bon dioxide and water, depending upon the 
amount of oxygen present and available. 
This phenomenon of hydroxylation is a 
rapid process under suitable conditions. In 
mixtures of methane and hydrogen or 
methane and carbon monoxide, it has been 
found that the hydrocarbon, i.e., tfie meth¬ 
ane, burns more rapidly than either the 
hydrogen or carbon monoxide. If enough 
oxygen is present to transform all the hy¬ 
drocarbons to formaldehyde, combustion 
will take place without the formation of 
soot. What has been said applies to the 
lower members in the hydrocarbon series. 
The higher and more complex hydrocar¬ 
bons, on the other hand, tend to decom- 

11 Lewis, B., C7 ipto. Rcvh., 21, 200-11 (1937). 
Brewer, A. K., ibid., 21. 213-9 (1937). Brad¬ 
ford, B. W., and Finch, G. I., ibid., 21, 221-44 
(1937). Landau, H. G., ibid., 21, 24&-57 
(1937). Townend, D. T. A., ibid., 21, 259-78 
(1937). Pease, R. N., ibid., 21, 279-86 (1937). 
Harris, E. J., and Egerton, A., ibid., 21, 287-97 
(1937). Newitt, D. M., ibid., 21, 299-317 
(1037). Von Elbe, G., and Lewis, B., ibid., 21, 
319-28, 413-20 (1937). Kassel, L. S., ibid., 21, 
331-45 (1937). Lewis, B., and von Elbe, G., 
ibid., 21, 347-58 (1937). Coward, H. F., and 
Payman, W., ibid, 21, 359-66 (1937). Flock, 
B. F., and Marvin, C. F., Jr., ibid., 21, 367-87 
(1037). Smith, F. A., ibid., 21, 389-412 (1937). 
Jones, G. W., ibid., 22, 1-26 (1937). 


pose into carbon and hydrogen by cracking, 
especially at the high temperature involved. 

In the combustion taking place in the 
flame of an ordinary atmospheric burner, 
there is an equilibrium between the hy¬ 
droxylation and the combustion of the hy¬ 
drocarbons. Depending upon the proper 
air adjustment, a clean*burning or a smoky 
flame will result. An excess of oxygen, 
lower temperature, and a proper mixing 
aid in the formation of hydroxylated com¬ 
pounds. The absence of these conditions 
gives rise to decomposition and a smoky 
flame. Particularly since 1930, some inves¬ 
tigators have described and explained the 
combustion reaction as a chain reaction 
which when once initiated proceeds rapidly 
and completely to its finish. The chain- 
reaction theory is very useful in under¬ 
standing much of the unusual behavior in 
the combustion of hydrocarbons. Since 
hydrocarbons may first react to form car¬ 
bon monoxide and hydrogen, the combus¬ 
tion of hydrocarbons may be regarded as 
similar to the combustion of hydrogen and 
carbon monoxide. 

The fundamentals of chain reactions have 
likewise been found useful in describing the 
exact mechanism of the combustion of car¬ 
bon monoxide and hydrogen. The condi¬ 
tions that one would encounter in a flame 
of an ordinary atmospheric burner would 
be quiet burning under approximately at- 
mosiiheric pressure, a temperature range of 
1,000 to 2,500® F with combustion occur¬ 
ring at free uncatalyzed surfaces in the 
presence of an excess of oxygen. When 
both hydrogen and carbon monoxide are 
present, hydrogen burns approximately 
three times as rapidly as the carbon mon¬ 
oxide. Since, as indicated above, hydrocar¬ 
bons, depending upon the conditions of 
combustion, may first react to form carbon 
monoxide and hydrogen, the phenomena of 
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combustion of these compounds are similar 
to those of hydrogen and carbon monoxide. 

The simplest type of gas flame occurs 
when a gas such as coal gas is burned at 
the open end of a tube without previous 
mixture with air. As a result a luminous 
flame is produced, which has three cones: 
an innermost cone containing unburned gas, 
a visible luminous sheath wher-e partial 
combustion with oxygen is taking place, 
and finally the nonluminous sheath where 
complete combustion occurs. In the lumi¬ 
nous sheath the illuminants of the gas, i.e., 
ethylene and benzene, undergo thermal de¬ 
composition resulting in the formation of 
free carbon which on heating to incandes¬ 
cence gives rise to luminosity of the flame. 
This type of flame was formerly used to a 
large extent in gas lighting. At the present 
time it is used in special heating operations 
where the flame is brought in intermittent 
contact with material to be heated, espe¬ 
cially when radiation is desired or where 
the deposition of free carbon on the object 
is desired. 

The Bunsen burner shown in Fig. 3 rep¬ 
resents the first real development in the de¬ 
sign of gas burners, which permitted the 
wide and varied applications that are en¬ 
countered today. A Bunsen burner differs 
from the open-jet burner described above 
in that it permits the premixture of gas 
with air, thereby resulting in a stable non¬ 
luminous flame; the gas supply is restricted 
by an orifice, the increased velocity inspi- 
rating primary air through the openings 
provided just beyond the orifice. This mix¬ 
ture of primary air and gas travels through 
the tube of the burner, which on combus¬ 
tion gives rise to a flame of three distinct 
cones: an inner cone, consisting of an un¬ 
burned mixture of gas and air, a highly 
colored region where partial combustion or 
hydroxylation with air takes place, and 


finally an outer mantle where secondary air 
enters, resulting in the complete combus¬ 
tion of the gas. A study of Fig. 3 showing 
the Bunsen burner and flame will make 
these considerations clearer. Complete dis¬ 
cussions of gas-burner design can be found 
in recent publications.^^ 


Diffusion of Secondary Air into this Zone 
^-Completes the Combustion Reactions. 

1 The Final Products are CO 2 , HgO* and 


|Partial Combustion with Primary Air 
\fj^ (Hydroxylation) 

^Unburned Mixture of Gas and Air. 


j ^^Primary Air 

13—Gas Orifice 
[ [H^ Gas Supply 


Fig. 3. The Bunsen burner.* 


ATMOSPHERIC BURNERS 

The majority of the atmospheric burners 
are of the Bunsen type, w^herein primary 
air is inspiratcd with the gas to produce a 
flame of definite characteristics with a high 
heat intensity. These atmospheric burners 
are used almost entirely in residential ap¬ 
pliances and for many industrial and com¬ 
mercial ajiplications, and they account for 
the gff^afer share of the business of the gas 
industry. The requirements of a satisfac¬ 
tory atmospheric burner include the follow¬ 
ing: (1) Combustion must be complete; 
neither carbon nor carbon monoxide must 

12 Anou., Am. Ga» Assoc., Bull. 10 (1940), 
182 pp., ma., 13 (1842), 119 pp. 
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escape from the flame. (2) The flames the manner in which the heat is to be 
must not lift or be blown from the ports, applied. 

(3) The flame must not ^^back-fire” or 2. Determine the arrangement of ports 
“flash back.” (4) The heat must be ap- and provide for the escape of products of 
plied as efficiently as is consistent with good combustion with a view to insuring a uni¬ 
practice in other respects. (5) The flame form flow of secondary air to and away 

must travel readily from port to port when from each port with as little excess as is 

the gas is lighted. (6) The distribution of needed. 

heat with respect to its application must be 3. Determine the number and size of 

satisfactory. Attention to this requirement ports, making the number as large as can 



Fio. 4. Relative dimensions of a domestic gas burner to attain the maximum entrainment of 
primary air.^* 


is of importance in some appliances, but 
not in others. (7) Unusually difficult or 
expensive construction must not be in¬ 
volved unless it results in compensating ad¬ 
vantages. 

Figure 4 shows the relative dimensions 
of a residential atmospheric gas burner.^® 
The proper design and adjustment of these 
burners to give satisfactory operation with 
a fuel gas of constant composition is a com¬ 
plex problem. The fundamentals involved 
in design have been summarized as fol¬ 
lows: 

1. Determine the general shape and size 
of the burner from the space available and 

18 Blseman, J. H., Weaver, B. R., and Smith, 
F. A., Natl. Bur. Standardt U. Sf., Beaearch 
Paper 446 (19.‘i2), 41 pp. 

14 Anon., Natl. Bur. Standards V. 8., Oirc. S»4 
(1931), 25 pp. 


be provided for without excessive cost, and 
choosing a size which will permit a maxi¬ 
mum of primary air without danger of 
either back-firing or lifting. 

4. Design the burner head of liberal size 
and with deep metal, through which the 
ports are machined. 

5. Design the passages of the burner 
without abrupt changes in size or direction 
so that the stream of gas and air will ex¬ 
pand gradually and approach the ports at 
low and uniform velocity. 

6. Select tentatively, for each of as many 
sets of conditions as seem necessary to 
«over the range of conditions in which the 
appliance is to be used, an orifice of area a, 
using the formula 
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where q is the maximum desirable volume 
of gas in cubic feet per hour, h is the maxi¬ 
mum gas pressure in inches of water, and d 
is the specific gravity of the gas referred to 
air. 

7. Assume the desired ratio of primary 
air to total air required for complete com¬ 
bustion from experience. 

8. Assume a value for a burner constant 
k, from experience with a burner of the 
same general form (in the absence of any 
previous knowledge k may be tentatively 
assumed equal to 0.8/P, where P is the total 
area of the ports), and compute whether 
the burner tentatively planned will entrain 
the desired amount of primary air under 
each set of conditions assumed as repre¬ 
sentative of those to be met. Use the 
formula 



where Q Ls the volume of primary mixture 
which flows per unit time, q is the volume 
of gas which flows per unit time, D is the 
specific gravity, referred to air, of the pri¬ 
mary mixture, and a and d have the mean¬ 
ings stated in paragraph 6. 

9. Having completed a model burner, de¬ 
termine by trial whether its performance is 
satisfactory within the range of air shutter 
adjustment with respect to (1) complete¬ 
ness of combustion at the maximum rate of 
heat supply with the gas having the great¬ 
est requirement of ^'air for complete com¬ 
bustion,” (2) back-firing with the most 
rapidly burning gas at minimum rate, and 
(3) lifting of the flames with the slowest- 
burning gas at maximum rate. 

10. Determine by trial the maximum pri¬ 
mary air that will allow an ample factor of 
safety against unstable flames, and while 
using this high primary air place the burner 
or regulate secondary air to give as high ef¬ 
ficiency as may be obtained while provid¬ 
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ing an ample factor of safety against in¬ 
complete combustion. 

11. Select the orifice to be used with a 
particular gas supply by the aid of the for¬ 
mula given in paragraph 6, or a corre¬ 
sponding one for the type of orifice used if 
the orifice is known to give a result differ¬ 
ent from that of the formula. Then em¬ 
ploy the formula given in paragraph 8, and 
a value of the burner constant k deter¬ 
mined by observation on the model under 
conditions as nearly as possible like those 
of service, and determine that the entrain¬ 
ment of primary air will be satisfactory 
within the range of adjustment of the air 
shutter. If the air required for complete 
combustion of the future supply of gas is 
not known, assume that 9 cubic feet of air 
will be needed per 1,000 Btu. 

Figure 5 shows the regions in which flash¬ 
back, lifting, and yellow tips occur, and the 
limit of safe operation of the atmospheric 
burner.^^ These particular curves are for 
a carburetted water gas of 570 Btu, but 
they indicate what would be expected of a 
typical coal gas. 

In the design of atmospheric burners 
that portion of air which mixes with the 
gas primary to combustion is called pri¬ 
mary air. Any additional air required to 
better the combustion is obtained from the 
atmosphere surrounding the flame and is 
termed secondary air. If the amount of 
primary air which mixes with the gas in a 
burner is increased, a point is reached 
above which the flames will either blow off 
the ports or flash back into the burner. 
Likewise, if the primary air is decreased, a 
.limit is reached below which the tip of the 
inner cone assumes a yellow color. The 
yellow luminosity increases still further as 
the primary air is reduced, as a result of 
the formation of finely divided particles of 
solid carbon which burn less readily than 
the gas from which they are formed. As a 



Primary Air, Percent of Total Air Required 
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Fig. 6 . Flames from coke-oven gas with different percentages of primary air. 
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rule the primary air inspiration of the at- has an important bearing on the burning 
mospheric burner will be of the order of 50 characteristics of the gas. 
l)ercent of that theoretically required for Figure 7 shows the ignition velocity 
complete combustion of the gas. curves for various typical combustible 

Figure 6 shows the combustion of a coke- gases with varying amounts of primary 
oven gas with varying quantities of air, in- air. Study of flame-speed curves shows 



0 20 40 60 80 100 120 140 160 

Primary Air, Percent of Theoretical Requirement for Complete Combustion 

Fig. 7. Ignition velocity curves for various gases.* 


(heating how the flame becomes harder, that the range of burner adjustment is 

sharper, and smaller as the primary air is greatest for gases having gradual slopes of 

increased. the flame-speed curve. The flame velocity 

The combustion characteristics of coal indicates to some extent the tendency for 

gas when burned in an appliance in a typi- flash-back or blow-off. These generaliza- 

cal burner are functions of its composition, tions are not intended to convey the un¬ 
its specific gravity, thermal value, and ig- pression that burner design is solely de- 

nition characteristics. The rate of flame- pendent upon flame speed. On investiga- 

speed travel or rate of flame propagation tion, it will be found that in all cases of 
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practical significance the mixture velocity* 
through the ports is much greater than the 
rate of flame propagation, possibly several 
times as great. Apparently, the secondary 
combustion in the outer flame envelope is 
very important in its effect on stability of 
flames under certain conditions. 

The ignition temperature of coal gas 
varies somewhat with the percentage of 
primary air but will be around 1,480® F. 
Again, the ignition temperature is a func¬ 
tion of the composition, specific gravity, 
and percentage of primary air of the gas 
mixture. The maximum flame temperature 
possible from the coal gas is in the range 
of 3,500® F. 

THE ADJUSTMENT OF FLAMES’® 

The proper and correct adjustment of 
flames in atmospheric burners is important 
not only for safety but also for efficiency 
of utilization. The characteristics of at¬ 
mospheric burner flames are controlled by 
the primary air-gas ratio of the mixture 
in the burner head. If the calorific value 
of the burner-head mixture is reduced to 
about 100 Btu per cubic foot, most atmos¬ 
pheric burners will flash back. If the calo¬ 
rific value of the burner-head mixture is 
increased to about 250 Btu per cubic foot, 
the flames will be yellow tipped. Since 
both these conditions are to be avoided, 
and since both are readily identified, ad¬ 
justments must be made within these limits. 

In various references’® in the literature 
it has been stated that the burner-head 
mixtures for atmospheric burners should be 
adjusted so that the calorific value of the 

16 Shnidman, L., and Yeaw, J. S., Goa Age- 
Record, 88, No. 8. 16-20, 82 (1941). 

16 Berry, W. M., Brumbaugh, I. V., Eiseman, 
J. H., Moulton, O. F., and Shawn, G. B., Natl. 
Bur. Standarde U. B., Tech. Paper 222 (1922), 
77 pp. Harper, R. B., Proo. Am. Oaa Aeeoo., 
1981, 818-45. Willien, L. J., iUd., 1988, 848-50. 


primary air-gas mixture is equal to 175 Btu 
per cubic foot in order to secure proper 
combustion characteristics for the flames. 
There is little evidence to support this con¬ 
tention or to show that such an adjustment 
is being made. In fact some evidence indi¬ 
cates that burners operate quite satisfac¬ 
torily when set both above and below this 
adjustment.’^ 

The characteristics of the Bunsen flame 
are controlled by the amount of primary 
air allowed to flow into the gas stream as 
it issues from the orifice and proceeds into 
the burner head. The flame produced con¬ 
sists of several parts. Inside the center of 
the flame there is an unburned mixture of 
gas and air moving forward at the same 
speed at which the flame is trying to move 
backward. This is noted particularly in 
flames 3, 4, and 5 of Fig. 8. The flame 
front is outlined by a brightly colored area 
often referred to as the inner cone. Its 
color is variously described as bright blue 
or green. A rapid chemical reaction in¬ 
volving a decomposition of the constituents 
of the fuel occurs in this area. It is some¬ 
times called the hydroxylation area, as al¬ 
cohols, aldehydes, carbon monoxide, and 
other partially oxidized constituents are 
formed there. The final and complete 
combustion takes place in the larger outer 
envelope which surrounds the inner cone. 
This part of the flame is usually only 
lightly colored, but it can be made more 
obvious by viewing against a black back¬ 
ground or in a darkened room. 

The proportion of air allowed to enter 
the burner head with the combustible gas 
determines the size and shape of the flame. 
As the amount of primary air is decreased, 
the flame front moves outward from the 
port, the inner cone becomes larger, and 
the brightly colored reaction zone sur¬ 
rounding it becomes thinner. This can be 
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noted in flames 1 to 5 of Fig. 8. As the 
fraction of air is further reduced, the color 
of the reaction zone slowly fades out, usu¬ 
ally becoming fuzzy first at the tip of the 
inner cone, as can be noted by flames 5 
to 7. 

It will be apparent from this description 
that the general requirements for a Bunsen 
flame cover a range of primary air-gas ad¬ 
justments which markedly affect the size, 
shape, and general characteristics of the 


reaction zone, and the less distinct outer 
sheath in which the combustion is com¬ 
pleted. Such flames are illustrated by 
flames 3, 4, and 5. 

It has been shown that the heating effi¬ 
ciencies of open-flame burners adjusted 
with softer flames are higher than those for 
such burners adjusted for harder flames.^® 
The heat distribution for enclosed burners 
has also been found to be better with softer 
rather than harder flame settings. 



Fio. a. Typical Bunsen burner flames with the percentage of primary air decreasing from left 
to right. 


flame. Bunsen flames with high primary 
air are generally referred to as hard flames, 
for example, flames 1 and 2. They are 
characterized by short, sharply defined, and 
often fluttery flames, ignition and/or ex¬ 
tinction noises, and general flash-back tend¬ 
encies. Bunsen flames with low primary 
air are considered to be soft flames; they 
are characterized by longer, less sharply 
defined, and rather wavering flames, with a 
minimum of ignition or extinction noise or 
flash-back tendencies, for example, flames 6 
and 7. 

The characteristics of both hard flames 
and soft flames make them unsuitable for 
residential-appliance burners. Good Bun¬ 
sen flames for residential-appliance burners 
should consist of three clearly defined 
parts: the relatively cool darkened inner 
zone, the brightly colored decomposition or 


The correct type of flame should consist 
of the three previously prescribed, clearly 
defined sections. The primary air to the 
burner should be reduced until the brightly 
colored reaction zone has become as thin as 
possible and yet remains clearly defined 
without breaking or fuzziness. This may 
be taken as the definition of the character¬ 
istics of the proper flame which should be 
obtained on the burners. This type of 
flame is best illustrated by flame 5. 

Other methods depending upon the anal¬ 
ysis of air-gas mixtures in the burner head 
have been applied as a means of properly 
studying flames on burners. The proce¬ 
dures are expensive, cumbersome, and not 
suitable for the average gas service man. 
Therefore, the above-described, simple 
method has been foimd satisfactory for ad¬ 
justing burners and is used commercially. 
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COMBUSTION CHARACTERISTICS OP FUEL 
GASES 

Until recently no attempt has been made 
to control the rate and manner of the com¬ 
bustion of a fuel gas, although thjs would 
seem to be most important. The reason 
for the omission may be the lack of a sat¬ 
isfactory definition of the combustiqp char¬ 
acteristics of a fuel gas, such as might cor¬ 
respond to the generally accepted calorific 
value. The physical and chemical proper¬ 
ties of the gas before it is burned, as well 
as the corresponding properties of the re¬ 
sulting combustion products, enter into the 
problem, as do the type and design of the 
burner and the properties of the atmos¬ 
phere in which the combustion takes place. 

The burners most noticeably affected by 
changes in combustion characteristics of 
fuel gases are of the atmospheric or Bunsen 
type. It is not strange, therefore, that 
testing devices based upon the Bunsen type 
of burner have been designed to evaluate 
fuel gases. Generally speaking, these test 
burners consist of an atmospheric burner 
equipped with primary air or gas control 
devices which operate over an arbitrary 
scale, and the cone-forming properties of 
the flames are used to differentiate one gas 
from another. Such test burners are sensi¬ 
tive in their indications, and they reveal 
differences in the behavior of gases which 
would not otherwise have been discovered. 
The results are all expressed in independent 
and empirical units, and the test burners 
can be employed only after the scales have 
been calibrated in terms of the gas similar 
in character and composition to those that 
are to be checked. The range of useful¬ 
ness of such a test instrument is therefore 
strictly limited. Among those which have 

17 Shnidman, L., and Yeaw, J. S., Proc. Am. 
Gas Assoc., 1940, 682-713. 


been developed and applied in practice 
are: 

Hofsiiss burner in 1919 in Germany. 

Grebel-Velter indicator in 1922 in France. 

Ott burner in 1925 in Germany. 

Gray calorimeter in 1934 m England. 

Czako and Schaack burner in 1934 in Ger¬ 
many. 

Hawes burner in 1937 in England. 

Aeration test burner in 1937 in England. 

Besides the test burner numbers, there 
are a few gas quality index values which 
are calculated from the usual physical 
properties of the gas or from its analysis. 
These include: 

The Wobbe index in 1926 in Germany. 

A.G.A. C factor^® in 1933 in the United 
Slates. 

Kennziffer in 1934 in Germany. 

Flammenleistung in 1936 in Germany. 

D function in 1937 in England. 

No universally accepted test burner num¬ 
ber or calculated index has yet been found 
which will meet all requirements. In Eu¬ 
rope, considerable data have been obtained 
showing the relation between gas composi¬ 
tion and test burner numbers, but there are 
very few corresponding appliance data. In 
the United States the American Gas Asso¬ 
ciation has over 125,000 appliance tests on 
record but no corresponding test burner 
data. In neither locality can the results be 
applied without careful consideration of the 
several factors involved in any particular 
case. 

In view of this state of affairs, it seems 
that one test burner would be about as sat¬ 
isfactory as another for all practical pur¬ 
poses. The principal differences appear to 
be in the mechanical refinements which 

18 Wood, J. W., and Eastwood, A. H., JjfOth 
Kept. Joint Research Com. Inst. Gas Engrs. and 
Leeds Univ. 19S7, 157 pp.; Gas J., 320, 464, 
467-70, 649-62, 655-8 (1987) ; Gas World, 107, 
421-4 (1937). 

19 Anon., Am. Gas Assoc. Testing Laboratory 
Kept., 080 (1938), 68 pp. 
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tend to enhance the accuracy of one as 
compared to another. Any Bunsen-type 
burner equipped with a suitable scale 
should serve to show differences between 
the combustion characteristics of various 
gas mixtures. Figure 9 shows the test 
burner used by the Rochester Gas and 



Fks, 0. RocliPStfT Gas and Eloctric Corpora¬ 
tion’s tost humor. 


Electric Coritoration in measuring the char¬ 
acteristics of the gas. For a full and com- 
I)leto discussion of its use and application, 
reference should be made to the published 
article.^’’ 

Although literature is avail¬ 

able which shows appropriate design data 
for burners consuming various fuel gases, 

-0 Berry, W. M,, Brunihauffli, I. V., Moulton, 
<i. P., and Sliiiwn, G. B., Nall. Bur. Siaudanlft 
Sf., Tech. Paper 103 (1921), 62 pp, Mut- 
tooks, E. O., Am. iiati Assoc. Monthly, 10. 188-03 
(1934). Conner, U. M., ihid., 10. 41-5 (1934). 
Ihiolfio Coast Gas Association, Gas Engineers' 
JTandhook, McGraw-Hill Book Co., New York, 
1934, pD. 921-36. 


it is sometimes desirable to change the gas 
for which an appliance was adjusted. It is 
possible to determine by actual test the ef¬ 
fect on appliance operation by changing 
from the adjustment gas to another gas. 
Indication of this effect may be predicted 
from the complete gas analyses of the two 
gases and by means of an empirical for¬ 
mula which is given later. 

Changes or variations in gas supply may 
play a prominent part wherever gas is used. 
As readjustments of appliances are not de¬ 
sirable, it is essential that fuel characteris¬ 
tics be maintained within close limits. Ap¬ 
pliances possess flexibility which permits 
reasonable variations in specific gravity 
and heating value. The range of changes 
in these properties is limited. 

The air requirement to yield theoreti¬ 
cally complete combustion is essential in 
designing a burner for a given gas. If the 
constituents of the gas are changed, about 
the same heating value and specific gravity 
being maintained, it is possible to change 
the air requirements. Unless the air ad¬ 
justment of the burners is altered, incom¬ 
plete combustion due to an insufficient 
amount of air, blow-off, or flash-back, 
caused by too much air, may occur. 

Heating value is imjiortant in its effect 
on combustion. If an appliance is adjusted 
for a gas of a given heating value and this 
characteristic is increased beyond a certain 
limit, incomplete combustion may occur. 
A decrease in heating value may result in 
flash-back or lifting of flames. 

The proper consumption of a given ap¬ 
pliance or burner in Btu per hour is a 
constant, regardless of the heating value 
or other characteristics of the gas being 
served. If one gas is substituted for an¬ 
other of different heating value, the burner 
orifices should be adjusted so that the same 
number of Btu per hour will be burned as 
before. A Btu in one kind of gas is equal 
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in usefulness to a Btu in another kind of 
gas. 

Specific gravity exerts its effect in two 
ways. Since the rate of gas flow through 
an orifice varies inversely as the square 
root of the specific gravity, it is apparent 
that any increase or decrease in this 
characteristic may result in either an in¬ 
sufficient or an excessive gas supply to an 
appliance. The second effect of specific 
gravity is on the quantity of primary air 
inspirated by an atmospheric burner. 

If the fast-burning constituents of a gas, 
especially hydrogen, are increased, the rate 
of flame propagation of the gas will in¬ 
crease until flash-back and noisy extinction 
occur. On the other hand, if the slower- 
burning elements, like methane and ethane, 
are increased, the resulting rate of flame 
propagation will be slower. If all or most 
constituents of a fuel gas change, the prob¬ 
lem of anticipating the effect on the rate of 
flame propagation becomes more compli¬ 
cated. 

Research conducted by the American Gas 
Association Testing Laboratories on the 
utilization of various mixed fuel gases re¬ 
sulted in the establishment of certain limits 
in changes which may be made in control¬ 
ling factors without resulting in unsatisfac¬ 
tory operation of the average appliance.-^ 
This work was conducted by adjusting sev¬ 
eral representative appliances using one gas 
and then without change in adjustment 
supplying the appliance with a second gas, 
the characteristics of which were different 
from those of the first. 

When using manufactured gas from 500 
to 600 Btu per cubic foot on typical do¬ 
mestic appliances, heating value of the 
gases should be maintained within plus or 
minus 5 percent and specific gravity might 

21 Anon., Am. Oaa Assoc. Testing Laboratory 
Rept. 597 (1930), 61 pp., 645 (1932), 64 pp., 
689 (1933), 68 pp. 


be varied from 10 percent upward to 10 
percent downward from the adjustment 
gas. More than 175,000 tests were con¬ 
ducted, and it was found possible to ex¬ 
press an empirical relationship between two 
fuel gases. The equation developed is: 

(y _ _j_^2^2 

hiAidi ^,0O0EiFi "" 5 , 000 ^ 2^2 

where C = index of change in performance 
of appliances. When the gas on 
which they have been adjusted 
to perform satisfactorily (ad¬ 
justment gas) is to be replaced 
by another gas (test gas) the 
value of C should be held be¬ 
tween 0.85 and 1.15. 

h = gross or total heating value, Btu 
per cubic foot. 

A = air theoretically required for 
complete combustion, cubic feet 
per cubic foot of gas. 

d = specific gravity (air = 1.0). 

E — the heat capacity of the theoret¬ 
ical products of combustion 
60° F to 1,600° F, in Btu. E = 
0.029 Vro, + 0.0237 H,o + 
0.01897 Na, where 7 is the vol¬ 
ume of each product as indicated 
by the respective subscripts CO 2 , 
H 2 O, and N 2 , formed by the 
combustion of 1 cubic foot of 
gas with the air theoretically re¬ 
quired for complete combustion, 
in cubic feet, and 0.029, 0.023, 
and 0.0189 are the heat capacities 
of each product of combustion 
60° F to 1,600° F, in Btu per 
cubic foot. 

F = summation of the products of 
the mole fraction and a con¬ 
stant resolving each combustible 
constituent to the basis of equiv¬ 
alent free hydrogen. F = H 2 
+ 5.36 CO + 35.2 illuminants, 
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+ 27.3 CH 4 + 38.7 CsHfl + 80.8 
C 4 Hio, where H 2 , CO, illumi- 
nants, etc., are the mole frac¬ 
tions of each combustible con¬ 
stituent in the gas. 

1 and 2 = subscripts designating the 
adjustment gas and test gas, 
respectively. 

The A.G.A. index C represents a quality 
index factor of the gas calculated from its 
physical properties. In order to obtain 
this factor, the gross heating value, specific 
gravity, and complete analysis must be 
available. The final results before adop¬ 
tion must be confirmed by limited experi¬ 
mental studies. 

The advantage of the test burner, over 
any other method yet proposed as a meas¬ 
ure of the combustion characteristics of a 
gas, lies in the fact that it is a direct test 
which corresponds closely to actual prac¬ 
tical application. After the original cali¬ 
bration is completed, test results may be 
obtained quickly, easily, and directly. Fur¬ 
thermore, additional information concern¬ 
ing relative flame stabilities may aNo be 
obtained by simple readjustments of the 
air or gas supiily to the test burner, and 
the effect upon relative cone heights and 
flash-back or blow-off tendencies may be 
studied. 

Limits of Inflammability 

Combustible gas or vapor when mixed in 
certain proportions with air may explode 
on being ignited. If small increments of 
combustible gas are successively mixed with 
air, a composition will be reached at which 
the mixture just becomes explosive. The 
concentration of combustible gas at this 
composition, referred to as “the lower ex¬ 
plosive limit,” represents the minimum con¬ 
centration of the particular combustible 
gas or vapor in mixture with air that will 


propagate flame if ignited. If the concen¬ 
tration of combustible in this mixture Is 
progressively increased, a composition will 
he reached at which the mixture again be¬ 
comes nonexplosive. The concentration of 
combustible in the mixture just before this 
point is reached is known as “the upper ex¬ 
plosive limit”; it represents the maximum 
concentration of the particular combustible 
gas or vapor in mixture with air that will 
propagate flame if ignited. Inert gases 
such as carbon dioxide and nitrogen nar¬ 
row the explosive range. When these inert 
gases are mixed in suitable proportions 
with the combustible gas or vapor the for¬ 
mation of an explosive mixture can be pre¬ 
vented. 

Confusion has arisen regarding the 
meaning of the terms “explosive limits,” 
“inflammation limits,” and “limits of in¬ 
flammability ” These different expressions, 
in the final analysis, mean the same thing. 
Some authorities regard explosive limits as 
those limiting mixtures within which flame 
will propagate through the entire volume 
of the mixture and develop pressure, 
whereas inflammation limits or limits of in¬ 
flammability are regarded as those limiting 
mixtures within which flame will propa¬ 
gate through the mixture irrespective of 
whether or not pressure is develoiied. 

The limits of inflammability of various 
combustible gases and vapors-- are shown 
in Table VIII, and of mixtures of such 
gases ^ in Table IX. 

From a knowledge of the limits of each 
combustible in air and the percentages of 
each combustible present in the mixture, 
the limits of inflammability of combustible 
mixtures can be calculated quite accu¬ 
rately for a great number of mixtures by 
the application of the so-called mixture 

22 Coward, H. P., and Jones, Q. W., U. B. 
Bur. Mines, Bull. 279 (1931), 114 pp. 



TABLE VIII 

Limits of Inflammability of Gases and Vapors ^ 


Oxygen Percentage below 
Which No Mixture Is 
Inflammable 


Limits in Air, percent Limits in Oxygen, peicent * Nitrogen Carbon Diox 

-■-, ,-■-, as Dilu( nt i(h as Dilu 


Gas or Vapor 

Lower 

Higher 

Lower 

Higher 

of Air 

ent of An 

Hydrogen 

4 1 

4 0 

74 


4 0 

94 

5 0 

5 9 

Ammonia 


16 


27 

16 

7) 



Hydrogen sulfide 


4 i 


46 6 





Carbon disulfide 

1 25 


44 

60 





Carbon monoxide 

12 5 


74 




5 6 

5 9 

Methane 

5 3 

{5 0) 

14 

16 

> 4 

I} 

12 1 

14 b 

Lthaiu 

3 2 


12 5 


4 1 

oO 

11 0 

13 4 

Propane 

2 4 


0 5 




11 4 

14 3 

Butane 

1 85 


8 4 




12 1 

14 5 

Isobutane 

1 8 


8 4 






Pentane 

1 4 


7 8 




12 1 

14 4 

Isopentane 


1 i 







Hexane 

1 2 


6 9 




11 9 

14 5 

Heptane 


1 0 


6 0 





Octane 

0 95 








Nonane 


0 8 







Dtcane 


0 7 







Ethylene 

3 0 

2 7i 

29 


3 1 £9 

80 

10 0 

11 7 

Propylene 


2 0 


11 1 

2 1 

53 

11 5 

14 1 

Butylene 


1 7 


9 0 





Acetylene 

2 5 

{2 i) 


80 





Benxene 

1 4 


6 7 






Toluene 

1 4 

1 S 


6 7 





o-Xylene 


1 0 


6 0 





Cyclopropane 


2 4 


10 3 

2 4o 

63 



Cyclohexane 

1 3 

1 2 

8 3 






Methyl alcohol 

7 3 

6 7 


36 t 



10 i 

13 6 

Ethyl alcohol 

4 3 

i 3 


i>t 





Ethyl { th( r 

1 9 

1 8j 

48 


2 1 

82 



Vinyl ether 


1 7 


27 

1 8 

8 



Acetaldehyde 


4 0 


n7 





Croton ald( hyde 


2 / 


1> 61 





Hydrocyanic at id 


0 h 


4(f 





Acetone 

3 0 

2 )) 

11 

13 



13 t 

1> 6 

Methyl ethyl ketone 


1 8 


lu 





Methyl propyl ketone 


1 > 


s : 





Methyl butyl ketone 


/ 2 


8 J 





Methyl atetatc 


3 1 


1> % 





Ethyl acetate 

2 0 

2 2 

8 j 

11 X 





Propyl acetate 

2 0 

1 8 


8 0% 





Isopiopyl acetate 


1 8 


7 8 t 





Butyl acetate 

1 7 § 








M( thyl chloiide 

10 7 

8 0 

17 4 

1 i 

8 (t 

(6 0 



Methyl bromide 


IS 5 


14 » 





Eithyl chloridt 

4 2 

4 0 

14 3 

14 8 





Ethyl bromide 


6 7 


11 2 





Ethylene dichlot ide 

6 2 


15 9 1; 






Dichloroethylene 

0 7 


12 8 






Propylene dichloiide 


4 


14 




,.. 

Amyl chloride 


1 4 







Vinyl chloride 

4 0 


22 0 






* Values in italics were 

( obtained 

in (lostd apparatus \ allies 

in parintluses are 

for turbulent 

mixtures 


t At 60" 

C 


t At 100' 

C 


i At 30" C. 
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Explosive limits 
Percent Gas in Air 


















Mixture 


COa 

Ill. 

O 2 

CO 

H 2 

CH 4 

C 2 H 6 

N2 

H 2 O 

Foot 

Determined 

Calculated 

Natural gas 







97 

3 

0.0 


1,034 

4.8 

14.0 

4.9 

14.0 

(’oke-oven gas 


1.9 

3.9 

0.4 

6.3 

,54.4 

.31.5 


1.6 


631 

5.0 

28.4 

4.5 

28.1 

Manufactured mixed gas 


2.5 

3.2 

0.5 

10.5 

47.0 

25.8 


10.6 


540 

5.6 

31.7 

5.4 

31.6 

(Vburetted blue gas 


4.6 

7.3 

0.3 

36.0 

37.0 

9.6 


5.2 


509 

6.4 

37.7 

6.0 

36.6 

Blue gas 


6.2 

0.0 

0.3 

39.2 

49.0 

2.3 


3.0 


310 

6.9 

69.5 

6.1 

65.4 

Producer gas 


6.2 


0.0 

27.3 

12.4 

0.7 


53.4 


136 

20.7 

73.7 

19.0 

70.5 

Dry quencher gas 

(1) 

3.9 


0.1 

5.9 

33.3 

2.5 


54.3 


153 

12.3 

64.4 

11.8 

66.5 


(2) 

4.7 


0.2 

12.5 

24.7 

1.3 


56.6 


134 

15.1 

68.9 

14.9 

70.1 


(3) 

7.0 


0.1 

7.6 

13.2 

1.0 


71.1 


78 

26.7 

73.0 

26.5 

71.4 

Manufactured mixed gas 


0.6 

0.7 

0.1 

2.1 

9.3 

5.2 


2.0 

80.0 


33.0 

50.0 

33.0 

66.0 

+ 80% steam 
















Producer gas + 50' h steam 


3.0 

0.0 

0.0 

13.8 

7.3 



25.9 

50.0 


40.0 

73.0 

39.0 

73.0 

Mine fire gases 

(1) 





25.3 

25.2 


49.5 



9.2 

33.5 

9.2 

34.5 


(2) 





16 6 

16.7 


66.7 



14.0 

40.0 

14.0 

41.5 


(3) 




9.5 

9.3 

10.3 


70.9 



19.0 

47.5 

20.5 

48.3 


(4) 

0.5 



3.7 

1.0 

36.7 


58.2 



14.0 

27.0 

13.0 

27.0 


(5) 

6.8 



4.0 

2.1 

13.8 


73.4 



31.0 

42.0 

30.5 

43.5 

Gases from e\[)lo8ives 

(1) 

18.0 



11.3 

9 0 

9.7 


52 0 



21.0 

47.5 

21.5 

49.5 


(2) 

15.0 



10 0 

7.3 

7.8 


60 0 



26.0 

51.0 

26.0 

51.6 

Automobile exhaust gas 

(1) 

6.3 



12.1 

0 3 

2 4 


73 0 



30.5 

65.0 

36.5 

66.0 


(2) 

7 S 



7 6 

4 1 

1.4 


79 2 



55.5 

67.0 

68.0 

68.0 

Blast-furnaie gas 

(1) 

15 9 



23 7 

4.3 

0 2 


5.5.9 



36.0 

72.0 

30.0 

71.5 


(2) 

8.3 



30,7 

3.0 

0 1 


.5S 0 



35.0 

73.5 

34.0 

72.0 


rule. Lc Clintclier -•* first M])plie(l the rule 
to the limits of infimnniabilily of ji:ases. 
The equation for cxinessinfi; this la\N m its 
sinqilcsl form is written as follows’ 


L = 


100 


Pi ^ 7^2 ^ Pa , Pi , A 


where Pi, P2, P.i, P4, ete., are the propor¬ 
tions of each eoinliustible gas jiri'sent in the 
original mixture, frei* from air and inerts, so 
that P] -f P2 ~h “h 7^4, ete. = 100, and 
^1, A^2, A's, A^4, ete., are tlie ]ow(‘r limits of 
inflammability of eaeh combustible in air, 
and L is tlie lower limit of inflammability of 
the mixture. The same method can be used 
for the u])per limit. 

As an example of the application of this 
law we may take a natural gas of the fol¬ 
lowing composition: 

23 Lc Clifttelier, IT., and Boiidoiiiird, O., Compt . 
rend ., ISC, ia44-7. 1510-3 (1808). 


HrOKOf’ARBON 

Present 


Perc'ent by Volume 

Lower Limit 

Methane 

80.0 

5.(K) 

Ethane 

15.0 

3.22 

Propane 

4.0 

2.37 

Hutane 

1.0 

1.86 

Ivowor limit = 



80.0 
5.00 ^ 

15.0 

3.22 


The limits 

of inflammidiility of natural, 

manufactured, 

, iiroducer, blast-furnace, au- 

toniobile, and 

sewage 

gases may be calcu- 


lated from a knowledge of the composition 
of constituents composing the gases and 
their limits of inflammability.-"* The rather 
long an<l complicated procedure is an ex¬ 
tension of the original “mixture law,” just 
outlined. As was indicated there, this law 
is applicable only to mixtures free from in¬ 
ert gases and air, so the Pi + P2 + Px + 

24 Jones, G. W., Chem . Revs ., 22, 1-20 (1938). 
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P 4 = 100. The presence of a considerable 
fraction of inerts such as carbon dioxide, 
nitrogen, and water vapor in many of the 
more common industrial gases results in 
inaccuracies in the calculated limits, and 
Jones suggested that these inerts could 


the 12.4 percent hydrogen, making a total 
of 18.6 percent; the 63.4 percent nitrogen 
is combined with the 27.3 percent of car¬ 
bon monoxide, making a total of 80.7 per¬ 
cent. There being no other inert gases, the 
0.7 percent methane is taken alone. Next, 



bo combined with the combustible constitu¬ 
ents, the inflammable limit.s of the.se com¬ 
binations being used in the “mixture law” 
in place of the limits of the pure ga.ses. 

As an example of the application of this 
law, take a producer gas of the compo.«i- 
tion shown in Table IX. The inert carbon 
dioxide and nitrogen may be ai)i)ortioned 
with the different comV)ustibles in any one 
of several ways. In one of these the 6.2 
percent carbon dioxide is combined with 


the ratio inert to combustible is found for 
each of the groups, and the explosive limits 
for each mixture is obtained from Fig. 
10 or from the tables published by Jones.-'* 
Le (^hatelier’s mixture law is now applied, 
using the data just obtained as shown in 
Table IX, and the calculated limits are 
found to be 19.0 and 70.5 percent, respec¬ 
tively, as compared with the experimentally 

25 Yeaw, J. S., and Slinldman, L., Proc. Am. 
Qaa Aaaoc., 1038, 724. 



EXPLOSION PRESSURES 


determined inflammable limits 2 ® for this 
producer gas in air of 20.7 and 73.7 per¬ 
cent. 

Table IX shows the analysis of various 
mixtures of gases for which the explosive 
limits have been determined and then cal¬ 
culated according to the method just out¬ 
lined, and these data illustrate the accuracy 
which may be expected for similar mixtures. 

Explosion Pressures 

When a mixture of gas and air inside a 
closed chamber is ignited, inflammation 
proceeds throughout the mixture at a rate 
depending upon many factors. Heat is 
produced and pressure develops within the 
chamber. At the same time some of the 
heat developed is being absorbed by the 
unburned gases and by the walls of the 
vessel itself, thus tending to lower the 
temperature. At some time during this 
process these two forces balance, and the 
pressure ceases to rise. This point is 
known as the “maximum pressure,” and 
the elapsed time between the initial ignition 
and the maximum pressure is known as the 
“time for the exi)l()sion.” After maximum 
l)ressure has been attained, the rate of heat 
los.^ to the walls of the vessel is greater 
than the rate of heat generated within the 
chamber, and the gas therefore cools and 
the internal pressure decreases. If the ves¬ 
sel is allowed to cool to its original temper¬ 
ature, the pressure inside the chamber will 
also become ecjual to the original pressure, 
provided that no contraction due to chemi¬ 
cal rearrangement has taken place. 

Some of the factors which influence the 
rate of inflammation and the maximum 
pressure developed include: (1) composi¬ 
tion of the combustible gas itself; (2) com- 

2C Yoiiw, J. S., Ind. Eng. Chcm., SI, 1030—3 
(1029). 

27 Yeaw, J. S., and Shnidman, L., Am. Oas 
Ahhoc. ifonthly, SI, 35-6 (1939). 
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bustible gas-air ratio in the mixture; (3) 
physical constants of gas and of air, i.e., 
densities, specific heats, heat of combustion, 
heat capacities, etc.; (4) physical constants 
of the products of combustion, and the 
changes in ♦liese values with temperature; 
(5) presence of foreign diluents such as 
water, nitrogen, carbon dioxide, excess oxy¬ 
gen, or argon; (fl) size and shape of the 
explosion vessel; (7) material used for con¬ 
struction of the vessel; (8) surface condi¬ 
tions inside and outside the vessel including 
the area exposed; (9) initial temperature 
and pressure of the combustible mixture; 
(10) position of iioint of ignition; (11) 
turbulence in the mixture during inflam¬ 
mation; (12) extent of dissociation of com¬ 
bustion products; (13) heat losses by direct 
radiation and by conduction; (14) pre-ig¬ 
nition, known as “knock,” in which part of 
the gases is ignited beyond the normal flame 
front; and (15) “after-burning,” in which 
part of the gases is burned only after maxi¬ 
mum pressure has developed. 

Various atteinjits have been made from 
time to time to calculate the explosion 
pressures for certain mixtures of combus¬ 
tible gas and air using the fundamental 
characteristics of the gases. Usually only 
the wsimplest tM)e> of mixtures have been 
studied, but even so the re.sults have not 
been very satisfactory. The number of 
factors involved m the complex phenomena, 
and the relative effect of these factors upon 
the pressures developed, are not .sufficiently 
well known. The application of such meth¬ 
ods of calculation to more complex indu.s- 
trial fuels is not feasible at the ])re.sent 
time. 

From a practical point of view, however, 
it may not be necessary to consider such 
methods. Most industrial fuels are com¬ 
posed, in whole or in part, of the combas- 
tibles, hydrogen, carbon monoxide, methane, 
and benzene, and of oil vapors, and in some 
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mixtures the inerts nitrogen, carbon dioxide, between 100 and 115 pounds per square 
excess oxygen, or water vapor appear. The inch is of minor consequence. The effect 
explosion pressure curves for mixtures of of an industrial explosion would be essen- 
these pure gases in air are shown in Fig. 11. tially the same regardless of the combus- 
These curves are quite similar in several tibles, individually or collectively. 



Percent Gas in Air - Gas Mixture 

Fio. 11. Explosion times and pressures for mixtures of various pases and air. 


characteristics. They all rise very sharply Similarly the curves of Fig. 11 showing 
from the lower explo.sive limit, pass through the time rerpiired for the development of 

maxima a little beyond the iioint of the the maximum jiressures are very much 

theoretical combustion mixture, and de- alike. For all practical purposes, the ])eri- 

scend rapidly to the upper explosive limit, ods of time are almost negligible. The 

Moreover, the maximum pressures devel- fa.ster-burmng gases attain the maximum 

oped range from 100 to 115 pounds pres- pressure somewhat more quickly than the 

sure (gage), with the exception of that for slower-burning ones, 

benzene, which rises to 129 pounds per In view of the general characteristics of 
square inch. From a strictly jiractical the explosion curves for the various pure 

standpoint, relative to the possibility of gas-air mixtures, it appears that an ex- 

hazardous air-gas mixtures, the difference plosion curve suitable for all jiractical pur- 
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poses mi{j;ht be readily predicted when the 
explosive limits of the gas are known. 

Some experimental explosion pressure 
data for mixtures of certain manufactured 
gases in air are available in the literature. 
These gases varied from rich coal gases 
containing but 2 to 4 percent inerts with 
a heating value of about 650 Btu per cubic 
foot to carburetted blue gas containing as 
high as 40 percent inerts and having a 
heating value of about 500 Btu per cubic 
foot. In spite of this fact the maxiinmn 
explosion pressures ranged between S5 and 
05 pounds per square inch. The average 
explosion jiressure curve for these mixtires 
is shown by the dashed line in Fig. 11. 

The proposition that explosion curves 
suitable for practical purposes could lie 
constructed using the explosive limits of the 
gas as a starting point is thus reasonable. 
The estimation of the explosive limits them¬ 
selves from the analyses of the combustible 
gas has already been shown to be feasible. 
The explosion curve for natural gas, which 
is usually composed largely of methane or 
of methane and ethane, can be assumed to 
lie close to those for these two gases, both 
of which are included in Fig. 11. 

There is evidence to indicate that ex¬ 
plosion pressures, far in excess of those re¬ 
ported for such experimental tests as those 
described in this pa])er, are possible. Ab¬ 
normal pressures of the order of 800 pounds 
per square inch have been reported hy 
Grice and Wheeler and by Gleim in their 
studies of explosions in closed vessels.-® 
Henderson has shown in experimental 
studies using natural gas-air mixtures that 
pressures approximating 2,000 jinunds per 
square inch were obtained.^® Peak pres- 

Grice, C. S. W., and Wheeler, K. V., Safety 
in Mines Research Board {London), Paper 4» 
(19211), 20 pp. Gleim, E. .1., 17. S. Bur. Mines, 
Rept. Investigations 2974 (1020), 0 pp. 

29 Henderson, E., Gas, 17, No. 0, 23-9 (1941). 
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sures far in excess of this value were also 
noted. 

Furnace Atmospheres 

The control of furnace atlnospheres in 
the treatment of metals has shown an as¬ 
tounding development since 1030. Coal- 
gas combustion with limited air supply can 
furnish an atmosphere with a wide range 
in its composition. This new use of gas for 
industrial purposes involves not only its 
generation but also the control of the fur¬ 
nace atmosjiheres which protect and sur¬ 
round and react with the metals being 
treated. Several types of furnace atmos¬ 
pheres tliat can be obtained from coke-oven 
gas with varying percentages of air sup- 
Iilied**" are shown in Table X. For a full 
and complete discussion of this subject ref¬ 
erence should be made to publications of 
the American Gas Association.^' 

The terms ‘‘oxidizing,’' “neutral,” and 
“reducing” have been applied to furnace 
atmos])heres jiroduced from flue gases. A 
neutral atmo.s])here is one in which the sum 
of carbon monoxide and hydrogen is not 
more than 0 05 percent and the oxygen is 
less than 0.05 iiercent. A reducing atmos¬ 
phere is one in which the sum of carbon 
monoxide and hydrogen exceeds 0.05 per¬ 
cent and the oxygen does not exceed 0.05 
percent. Oxidizing atmospheres produced 
by large amounts of excess air in the com¬ 
bustion products have long been known to 
be required for the baking of cores,''- the 
drying of synthetic enamels,''® and for many 

30 Anon., Am. Gas Assoc. Testing Laboratory, 
Research Bull. 15 (1042). 110 pp. 

31 Anon., ihul., 11 (1040). 

(\imph«*ll, II. L.. The Application of Heat to 
Core Baking, Am. Gas Assoc., New York, 1930. 
31 pp. 

33 Ncalcy, .T B.. Iron Age, 13«, No. 23, 34-6 
(1035). Darrnli, W. A., Oil Paint Drug Reptr., 
1»». No. 6, 36, No. 7, 31, 63. No. 8< 86, 63 
(1938). Meyer, K. II., Steel, 105, No. 23, 54 
(1939). 
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TABLE X 

Typical Furnace Atmospheres “ 

Percent Percent Gas Constituents 

Air for ,-^- 


External 

Heat 

Complete 

Combustion 

Carbon 

Dioxide 

Oxygen 

Carbon 

Monoxide 

Hydrogen 

Hydro¬ 

carbons 

Water 

Nitrogen 

None 

100 

9.3 

0 

0 

0 

0 

20.8 

69.9 

None 

95 

8.8 

0 

0.8 

1.0 

0 

20.7 

68.7 

None 

50 

3.4 

0 

10.0 

13.1 

1.3 

18.3 

53.9 

1,800 

15 

1.2 

0 

21.0 

47.2 

2.2 


28.4 


phases of ccnimic work.^^ Reducing at¬ 
mospheres containing free hydrogen and 
carbon monoxide as well as some of the 
hydrocarbons have been employed in 
chemical processes for the reduction of 
metals from their ores and arc known to 
be helpful in minimizing scaling of steel, 
oxidation of cojiiier,'’^*^ etc. Strongly rediic- 

31 IIoKHenlop, A. M., uiid KusroU, R., Jr., J. 
Am. Crrarn. Soc., 18, 204-5 (1936). Gehrig, E. 
J., Am. 0(18 Assoc. Mtmthly. 17, 400-8 (1935) ; 
Iron Age, 187, No. 0, 20-9 (1930). Mackay, A., 
Ous ./., 210, 148-50 (1930). Dleterichs, W., and 
Lloyd. V., ibid., 218, 017-9 (1930). Nealey, J. 
B., Irtm Age, 140, No. 14, 20-8 (1937). Smith, 
A. J. G., Qas Age, 83, No. 1, HO (1939). 
Grenves, R. L., Oas ./., 232, 152-4, 157-8, 163-5 
(1940). Brown, L., Am. Oas Assoc. Monthly, 
23. 301-2 (1941). Anon., Ceram. Jnd., 30, 65, 
58-9 (1941). 

ii.T Murphy, D. W., Iron Steel Eng., 9, 260-0 
(1932) : Trans. Am. Sne. Steel Treating, 21 , 
510-29 (1933). llptliogrove, C.. Vniv. Mich. 
Eng. liesearrh Bull 25 (1933), 30 pp. Uptho- 
grove, r., and Mnrph>, I). \V., Trans. Am. Soc. 
Steel Treating, 21, 73 90 (1933). Whitoloy, J. 
II., J. Iron Steel Inst., 131 , 181-99 (1935) ; Heat 
Treating Forging, 21 , 223-8 (1935) ; Engineer¬ 
ing, 1 . 30 . 091-4 (1935). Gillett, H. W., Metals 
(6 Alloys, 0, 195-207, 235-46, 293-8. 323-7 
(1935). Ilulkett, R.. Oas J., 21 . 3 , 483-4 (1930). 
HotchkiHH, A. G., Metal Progress, 31 , 375-9 
(1937); Ind. Eng. Clem., 3 . 3 , 32-8 (1941). 

Nonley, J. B., Metals d Alloys, it, 198-200 (1938). 
Kentnor, C. B., Oas Age, 82 , 23-4 (1938). 

Cline, C. R., and Segeler, C. G., Ind. Eng. Chem., 
. 3 . 3 , 40-54 (1941). Keller, J. D., Mech Eng, 
0 . 3 , 507-13 (1941). 

80 Tielklng, J. W., and Lehrer, W., Iron .Ige, 
140, No. 24, 59, 136-8 (1937). Darrnh, W. A., 
Ind. Heating, 4, 722-0, 1079-80 (1937) ; Steel, 
101, No. 4, 30-42 (1937). HawkiiiH, R. I>., 
Proe. Am. Gas Assoc., 1938, 658-05. IIotehkiHS, 
A. G., Ind. Eng. Chem., 33, 32-8 (1941). 


ing atmospheres are employed for carburiz¬ 
ing steel. 

Gaseous atmospheres consisting of hydro¬ 
gen, ammonia, nitrogen, etc., have been 
used to some extent for a number of years 
and have found growing application in the 
metallurgical field. The need for these was 
fostered by the increasing interest in bright 
finishes as well as the demands of the auto¬ 
motive industry for a degree of perfection 
in sheet steel for deep drawing which ex¬ 
ceeded previous requirements. Basic data 
indicating the effect of specific atmospheres 
ni)on metals, glazes, ]);imts, etc., have been 
made available through extensive re¬ 
search.^® 

The effect of various gases, alone and in 
combination, m the heat treatment of steel 
has been repeatedly investigated.'^"’- 

37 Foils, II. A., Oas J, 216, ,335-0 (1936). 
Roush, R. W., Steel, 101, No. 8, 38-41 (1937). 
Noaloy, J. B, Machinery (AT. Y ), 44, 124-7 
(1937-8). Krappo, J. M., Iron Age, 147, No. 
15. 47-50, No. 16, 28-31 (1941). Gior, J. R., 
Ind. Eng. Chem , 33. 38-41 (1941). Durrah, W. 
A., ibid., 3.3, 54-9 (1941). Aptor, R. F., and 
Smith, H. W., Jr., Am. Machinist, 86, 871-4, 
947-9 (1942). 

38 Marshall, A. Ti., Trans. Am. Soc. Metals, 
22. 605-20 (1934). Austiii. J. B., Ind. Eng. 
Chem., 33. 23-31 (1941). (^onnor, R. M., Am. 
Gas Assoc. Monthly, 23. 361-2 (1941). 

39 Smith, A. J. G., Oas 21.3, 660 (1936). 
Sloever, A. M., Iron Age, 140, No. 15, 78-9 
(1937) : Vroe. Am. Oas Assoc., 1037, 412-4. 
Noalpy, J. B., Machinery {N. Y.), 44, 530-3 
(1937-8). Trautsphohi, R., Steel, 108, No. 5, 
79-80 (1941). 

40 Gillett, H. W., Upthpgrovo, C., Murphy, D 
W., and Whltoley, J. H., in ref. 35. 
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The factors involved are too complex to 
justify the hope that any one type of pro¬ 
tective atmosphere will be “best’' for all 
steels. Principal points 1o consider apart 
from the kind of metal being treated are 
time, tcmi^erature, surface area, type of 
combustion chamber, composition of the 
atmosphere gas, rate of flow of the atmos¬ 
phere gas, and sources of contamination. 

No definite figures can be given as to 
the total quantity of controlled atmosphere 
needed for any particular operation, al¬ 
though it has been found that greater 
uniformity of results can be obtained by 
recirculation. This reduces the amount of 
gas needed and tends to keep the mixture 
uniform and in equilibrium. It is impor¬ 
tant to remember the possibility of various 
reactions between the gaseous components 
which may lead to the building up of mois¬ 
ture and other harmful constituents under 
certain conditions of temperature. 

Atmosi)heres and steel treating involve 
reactions between the various constituents 
of the gas and the product being treated. 
At the temperature of the industrial fur¬ 
nace, steel reacts with many gaseous con¬ 
stituents both directly and through second¬ 
ary reaction products; oxygen, for example, 
reacts with carbon monoxide to make car¬ 
bon dioxide and forms iron oxide scale; 
carbon in the steel may be removed ))y oxy¬ 
gen, water, and carbon dioxide, as carbon 
monoxide or carbon dioxide, then fresh car¬ 
bon from the interior of the metal may dif¬ 
fuse into the decarburized surface areas. 
These and other reactions may occur si¬ 
multaneously and, in general, accelerate 
with rising temiierature although steels ap¬ 
pear to behave in various ways. 

The mechanics and rates of oxidizing ef¬ 
fects have been re])orted by many investi¬ 
gators,who have indicated the various 
substances causing and influencing scaling. 
While it is desirable to eliminate or mini¬ 


mize the scaling of the metal surface, other 
reactions may be occurring at the same 
time which may be quite as objectionable. 
Scaling may do no harm if the steel is free 
scaling. 

Scale represents a loss of metal which 
may or may not be significant, depending 
upon the type of work involved. For the 
control of oxidation alone, elimination of 
water vapor, oxygen, and carbon dioxide 
and maintenance of suitable reducing con¬ 
ditions are generally sufficient. Unburned 
gas as well as various partially burned gas 
mixtures are applied for this type of con¬ 
trol.'^’ For example, scaling of low-carbon 
steel can be minimized during low-tempera¬ 
ture annealing operations by the use of the 
flue products from gas combustion, pro¬ 
vided that a little decarburization is per¬ 
mitted. The relation between the atmos¬ 
phere in open furnaces and the scaling of 
steels is fairly definite. There is little re¬ 
duction in .>cale formed by burning city 
gases to produce up to 6 percent carbon 
monoxide at furnace temperatures of 
2,000° F, that is, with about 77 percent of 
the air reipiired for combustion. 

Scaling of steels at forging temperatures 
is more difiicult to control, particularly as 
the kind of scale and its adherence as well 
as the amount must be considered. To 
eliminate scaling at forging tempera¬ 
tures requires from 14 to 16 percent 
carbon monoxide, but such atmospheres 
w’ould entail uneconomic combustion as a 
rule if the same gas wTre used for heating 
as wtII as for the control of furnace atmos¬ 
phere. Control of atmosphere for forging 
has reduced the amount of scale, its thick¬ 
ness, and the extent of decarburization. 

The removal of carbon from the surface 

41 .Tommy, W. K., and Murphy, D. W., Vniv. 
Mivh., Eng. Ecsvarch Bull. 21 (1931), 150 pp. 

42 See Steever, A. M., in ref. 39. 

43 FoRter, W., Metal Progress, 20, No. 1, 51-2 
(1930). 
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of steel by carbon dioxide, water vapor, 
oxygen, and hydrogen tends to produce 
undesirable skin conditions. Moist hydro¬ 
gen is particularly active as a decarburizing 
agent.^'^ Nitrogen has also been suggested 
as a decarburizing agent when moist. 

Because of simultaneous scaling and de¬ 
carburization, the control of one generally 
requires control of both these actions in 
order to obtain the desired finished Surface 
condition. A reducing atmosphere scales 
and decarburizes steel more than a slightly 
oxidizing atmosphere, such as a flue gas 
containing about 0.5 percent oxygen and 
no carbon monoxide or hydrogen. It may 
not be possible to eliminate the various 
gases involved in oxidation and decarburi¬ 
zation, but balance between the constituents 
can be obtained by proper control of the 
furnace atmosphere so that the effects are 
minimized. The principal interactions be¬ 
tween iron and iron carbide and different 
furnace gases, which produce the two ef¬ 
fects which have just been described, are 
as follows: 


The addition of alloying elements to the 
iron and carbon will greatly enlarge the 
number of possible reactions, so that this 
list cannot be taken as complete but merely 
as illustrative of the difference in behavior 
between the various combinations of ma¬ 
terials present in industrial furnaces, de¬ 
pending upon the particular circumstances 
of time, temperature, and concentration 
which are involved. The possibility of cata¬ 
lyzing effects, especially in the reactions 
favored by the presence of moisture, needs 
to be considered in practice. 

The combustion products themselves can 
interact in accordance with the well-known 
equations given below: 

2H2 + (>2 2H2O 

200 + O2 2 C ()2 

CH4 + H2O CO -h 3H2 

2 CO ^ CO2 + C 
C -h H2O ;=± CO -b H2 
CO2 + 112^00 + H2O 
CH4 C + 2H2 

N2 + O2 2 NO 

2 NO -f O2 2NO2 


No reaction: 

N2 + Fe 
H2 +Fe 
N2 d-FesC 
CH4 + FeaC 
CO -hFesC 

Oxidizing: 

O 2 + 2Fe 
CO 2 + Fo 
H 2 O+ Fe 

Carburizing: 

CH 4 + 3Fe 
2CO + 3Fe 


2FeO 

;:± FeO +CO 
FeO -bHz 


FcsC -f- 2 H 2 
^ FeaC-fCOz 


Decarburizing: 

2 H 2 -f FeaC ^ 3Fe + CH 4 
O 2 + 2Fe3C 6Fe + 2CO 
CO 2 + FesC ^ 3Fe + 2CO 


The first two equations, showing the dis¬ 
sociation equations for water vapor and 
carbon dioxide, occur in all combustion re¬ 
actions, in the presence of iron at elevated 
temperatures. "Jdie equilibrium values for 
various partial pressures are available.-'* 
The fourth equation is frequently consid¬ 
ered in its reverse aspect, but, in the pres¬ 
ence of heated iron oxide, carbon monoxide 
can decompose as indicated. The fifth 
equation represents the water-gas reaction, 
the constants for which are given in the 
reference just cited. This, as well as the 
reactions showing the simple cracking of 
methane, is ihstinctly catalyzed by the 
presence of hot iron oxides. 

Minimum decarburization in direct-fired 

44 Jominy, W. E., Trans. Am. 80 c. Metals, 24, 
96-125 (1936). 
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furnaces requires (1) a fuel low in hydro¬ 
gen; (2) a positive furnace pressure; (3) 
a slightly oxidizing combustion adjustment 
with proper mixing; (4) the minimum time 
and temperature; and (5) pieces as near 
cubes as possible to reduce decarburized 
area and hence decarburized depth in fin¬ 
ished work. 

It is important to understand the fac¬ 
tors involved in decarburization because it 
cannot be prevented by expensive special 
atmosphere equipment alone. Oxygen, car¬ 
bon dioxide, and water are the chief offend¬ 
ers, but it is just as necessary to prevent 
their formation as to provide for their re¬ 
moval. Both carbon dioxide and water will 
re-form if oxygen gets in, and there arc 
many oxygen sources: air leakage, dissolved 
oxygen in wash water, scale and rust on 
the work, oils, and moisture on the work. 

Protective birnace atmospheres have 
been used for the treating of cojiper and 
its alloys.’^*' Co])per behaves differently 
from steel because of the reaction between 
these elements and the constituents of the 
protective atmos])heres. Copjier is ex¬ 
tremely sensitive to the presence of oxygen 
and sulfur. Hence, a slightly reducing at- 
nios]ihere is recommended with very low 
sulfur content. Cojitier wire annealing as 
well as bright annealing has been success¬ 
fully earned out. Protective furnace at- 
mos])heres made from coal gas have like¬ 
wise been emjilo^’ed for other nonferrous 
metals as in silver treating and annealing, 
nickel treating, as well as many nickel al- 
loys.-*’"' 

Other Industrial Applications 

Coal gas has likewise been a source for 
inert gas by controlled combustion to 

45 Rohm, P. W., Iron Agr, 141, No. 13. 30-3 
(1038). Ilalkott, R., Qas J., 21.3, 483-4 (1930). 

40 Smith, II. W., a as, 10, No. 3, 24-7 (1940) ; 
a as J., 229. 304 (1940). 


yield a gas low in oxygen and combustibles 
and consisting mainly of carbon dioxide and 
nitrogen. Such inert gases are used rather 
extensively not only in the gas industry but 
also in other industries as a means of purg¬ 
ing various types of equipment, such purg¬ 
ing operations insuring safety in removing 
from service or putting into service equip¬ 
ment that contains combustible gases or 
vapors."* 7 Inert atmosiiheres have also 
been used for protection against fire and 
explosion hazards in storing of solvents and 
chemicals in paint industries, and in the 
protection of chemical jirocesses. The prin¬ 
ciples outlined for the use of inert gas as 
a safety measure have been described in 
detail in the literature."*^ 

Other developments in gas utilization in- 
clmle the successful baking and drying of 
metal finishes by gas heating equip¬ 
ment,*^*’ the continuous bright annealing 
of wire in o])en flames without furnaces or 
special atmosiiheres,*'' and the application 
of gas drying to new inks for high-speed 
jirinting.*"’** The first reports of the success¬ 
ful use of oxygas flame hardening, as dis¬ 
tinct from ox>’acetylene, were released in 
the United States.*"’* Specialized new equip¬ 
ment was develoiied in several fields, nota¬ 
bly the double-boiler application for melt¬ 
ing zinc *’“ and a new process for corrosion- 
jiroofing of iron and steel.*"’*‘ 

47 Alrich, H. W., Pror, Am. (Jas Assoc., 10.32, 
82(J-38. Tomkins, S. S., ibid., 1034, 709-822. 
Yo«w. J. S., nnd Shnidmnn, L., ibid., 1038. 717- 
40. 

4s WoUor, II. C\, Am. (ins Assoc. Monthly, IS, 
194-« (1030). M«nn, V. V., Mvtnl Finishing, 
.30, 4.57-00 (1941). 

4i> Anon., Machinery {N V.), 40, 272-3 (19.39). 

50 Wilson, R. P., Pruv. Am. Qas Assoc., 1030, 
370-1. 

51 Soo Apter, R. F,. and Smith, II. W., .Tr., in 
rof. 37. 

5*2 Mann. R. F., Am. Gas J., 1.30, No. 1, 25-8, 
.50, 52. No. 2, 15-8 (1939). Carlson. T. M., 
Metal Iml., .37, 577-9 (1939). 

53 Mann, R. F., Am. Gas J., 148, No. 6, 17-20 
(1938). 
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An important application of coal gas is 
in the production of power using the com¬ 
bustion gas turbine.®^ The gas combustion 
turbine has had a long history, but only in 
the past decade has it shown any notice¬ 
able advance. The development of the gas 
turbine was retarded by the lack of accu¬ 
rate knowledge of the thermodynamics of 
gas combustion, of available materials ca¬ 
pable of withstanding the physical and 
chemical reactions of the combustion of gas 
at temperatures from 1,()00 to 1,100® F, and 
of an air compressor with sufficiently high 
adiabatic efficiency. In the present gas 
turbine, as applied to power generation, air 

54 Marks, L. S., a ad Danilov, M., Trans. Am. 
Hoc, Mevh. i:n{frs., 4 «. 1095 128 (1924). Meyer, 
A., Prov. Inst. Mvch. IJngrs. {London), 141, 
197-212 (1939); Mcrh. Eng., 01 , 045-52 (1939). 
Northfleld, H, J., Engineer, 107 , 406 (1939). 
Kettalinta, J. T., Power, 83, 732-4 (1939), 83 , 
200-7 (1941) ; Engineer, 170 , (>3-4, 78-9 (1940). 
Tucker, S. A., Power, 83, 310-9 (1939). Anon., 
Engineering, 147 , 186-8 (1939) ; Mech. Eng., 01 , 
312-3 (1939), 02 , 744-5 (1940); liih Meeh. 
Eng., 114 , 144-8 (1940) ; Ry. Age, 108 , 588-90 
(1940) ; Power Plant Eng., No. 6, 45, 65-8 
(1941). 


is compressed to some 60 pounds per square 
inch and 870° F. It then enters a com¬ 
bustion chamber where about 25 percent 
jiasses to the gas burner and 75 percent is 
bypassed around the burner to dilute the 
jiroducts of combustion and reduce the 
temperature of the mixture to around 
1,000° F. The gas is then expanded through 
six or seven reaction stages, leaves at a 
temperature of around 600° F, and is dis¬ 
charged to the atmosphere. This exhaust 
heat can be utilized at the expense of a 
small back-j)ressure for ])reheating the com¬ 
bustion air leaving the compressor. The 
overall thermal efficiency of the gas com¬ 
pressor set is about 17 percent, and if an 
air preheater is in(‘luded, this efficiency 
would be increased to around 21 jiercent. 
The present thermal efficiency of the gas 
turbine is limited })y the permissible tem¬ 
peratures with available turbine materials. 
It Ls not high enough to be attractive for 
primary power generation. The gas tur¬ 
bine with its rapid starting abilities has pos¬ 
sibilities for standby and peak-load service. 



CHAPTER 31 


THE CHEMICAL NATURE OF COAL TAR 

E. 0. Rhodes 

Koppera Company^ PittBhurgh, Pennsylvania 


Coal tar is one of the primary products 
resulting from the destructive distillation 
or carbonization of certain kinds of coal 
at temperatures above 450“ C in suitable 
equipment from which oxygen is excluded. 
The other primary products are coke, aque¬ 
ous liquor, light oil, and gas. The three 
variables mentioned, namely, kind of coal, 
carbonization temi)erature, and type of 
carbonizing equipment, determine the yields 
and the physical and chemical character¬ 
istics of the coal tar and of the other pri¬ 
mary products as well. 

Effect of Kind of Coal Carbonized 

In all countries where coal is carbonized 
commercially, the iirincijial kind of coal 
used is the common banded type or variety 
of bituminous coal. In the United States, 
coal carbonization is limited entirely to this 
rank and tyjie, excejit for one small instal¬ 
lation in North Dakota that carbonizes lig¬ 
nite. (lermany, m addition to bituminous 
coal, carbonizes large quantities of brown 
coal, a type of lignitic coal. In Scotland 
some bituminous coal of the splint type is 
used in blast furnaces in place of coke; al¬ 
though this is not coal carbonization in the 
sense that coke is recovered as a primary 
jiroduct, it is mentioned here because the 
destructive distillation of splint coal in a 
blast furnace produces so-called blast-fur¬ 
nace tar, a type of coal tar. 


Anthracitic coals are not carbonized com¬ 
mercially. When destructively distilled 
they do not fuse to form coke, and they 
yield practically no tar or light oil and only 
minor quantities of gas. 

Bituminous coals, of the splint, cannel, 
and boghead varieties, unlike the common 
banded type, do not fuse to form coke and, 
with the exception of the use for splint coal 
in Scottish blast furnaces mentioned above, 
are not carbonized commercially. For¬ 
merly cannel and boghead coals were de¬ 
structively distilled to obtain ^Voal oil” for 
illuminating purposes, but the use of elec¬ 
tricity, petroleum oils, and gas has caused 
the production of coal oil for this purpose 
to be discontinued. 

Subbituminous coals usually are not car¬ 
bonized commercially because of their poor 
coking qualities or because they are not 
produced or marketed in commercially im¬ 
portant quantities. 

Lignitic coals are carbonized to some ex¬ 
tent by low-temperature methods, espe¬ 
cially in Germany, to obtain a friable char 
that may be used as such or in briquet 
form for fuel purposes. The low-tempera¬ 
ture lignitic char is sometimes mixed with 
high-volatile bituminous coal that is car¬ 
bonized at high temperatures. 

Table I, in which coals are arranged ver¬ 
tically by rank, according to Standard 
D388-38, and horizontally by type or vari- 
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THE CHEMICAL NATURE OF COAL TAR 
TABLE I 

Carbonizing Characterihtics of Coals of Different Rank and Type 


Classification of 
Coals by Rank 
A.S.T.M. Designation 
D388-38 

Classification of Bituininoas and Subbiturninous Coals by Varieties (Types) A.S.T.M. 
Designation D493-39 

Common Banded Coal 

Splint Coal 

Cannel Coal Boghead Coal 

I 

Anthracitic 

Anthracites are not carbonized commercially They have progressed so far in degree of coalifi- 
cation that when destructively distilled they yield practically no tar or light oil and only minor 
quantities of gas. They do not fuse to form coke. Because of their high degree of coalification, 
different varieties of anthracites are not readily distinguishable or significant. 

II 

Bituminous 

Carbonized commer¬ 
cially by high- and low- 
temperature pi ocesses 
Fuse to form coke and 
yield commercial quan¬ 
tities of tar, light oil, 
and gas. 

Not carbonized com¬ 
mercially. Do not fuse 
to form coke. Bet'uuse 
lum)>s retain shape 
and strength, used in 
some Scottish blast 
furnaces in place of 
coke; source of Scot¬ 
tish blast-furnace tar. 

Not now carbonized 
commercially. Do not 
fuse to form coke 
Formerly distilled to 
obtain “coal oil” foi 
illumination. Char 
used as fuel in pro¬ 
cess or wasted. 

Not commercially car¬ 
bonized. Formeily 

processed like cannel 
coal to obtain “coal 
oil.” 

III 

SubbituminouR 

Usually not carbonized 
commercially, because 
of poor coke quality, 
although produced and 
marketed in commer¬ 
cially impoitant quan¬ 
tities. 

Not carbonized commercially because not produced or marketed in 
commercially important quantities and because of poor coking 
qualities. 

IV 

Ligiiitic 

Carbonized by special low-temperature methods. Do not fuse to form coke but form friable 
chai used a-s such oi briquetted. High yields of tar and light oil of low-temperatuie variety. 
Gas is of pool quality. Lignitie coals are not oidinatily distinguished cummeicially as to 
variety. 

ety, acoordinp: to Standard D493-39 of the and C, mediimi-volatile, and low-volatile. 
American Society for Testing Materials, Fieldner and Davis ^ have shown that the 

sumnuirizes the above information. The yield of coke obtained from a given bitu- 

areas representing coals of bituminous rank, minous coal is closely i)ro])ortional to the 

common banded variety, and coals of lig- rank of the coal as measured by its fixed 
nitic rank are bordered by heavy lines to carbon or volatile matter. However, the 
dLstinguish them from the coals of other results of the LI. S. Bureau of Mines-Ameri- 

ranks and types which are not carbonized ^an Gas Association Coal Carbonization 

commercially. Tests reported in Monograph 5- have 

Bituminous or coking coals of the com¬ 
mon banded variety are further subdivided, ^ Fieidner, a. c., and Davis, j. n., Proc. sni. 

... 1 1 1 X j. Intern. Conf. Bituminoun Coal, 1, .^40-8(1 (19.S1). 

according to rank or fixed-carbon content, , ^ ^ ^ 

as follows: high-volatile A, high-volatile B UineB, Monograph 5 (1934), 104 pp. 



EFFECT OF KIND OF COAL CARBONIZED 


1289 


shown that yields of tar are not inversely 
proportional to the rank of the coal or 
volatile matter as might be assumed, ex¬ 
cept with certain reservations. 

A systematic attempt to analyze the data 
from these tests and also from tests by 
Yancey, Johnson, and Selvig^ has been 
made by ParryHe stated that: 

in correlating the total yield of tar from any 
carbonizing system with the proximate analy- 
.sis of the coal, a better relationship should be 
shown with the volatile matter exclusive of 
oxygen than with volatile matter alone • • • . 
The yield of tar is a function of the square 
of the oxygen-free volatile matter for all 
temperatures of carbonization. Consequently, 
the general relationship may be stated by the 
equat ion: 

Tar yield, in percent of coal = CV'^ 

where V is percentage of oxygen-free volatile 
matter and C is a constant whose value is 
governed by the .size and shape of the retort 
and the temperature of distillation. 

The Bureau of Mines-American Gas As¬ 
sociation data have been treated mathe¬ 
matically by LowTy, Landau, and Naugle.-'^ 
On the basis that “the distinction betw^een 
tar and light oil is based largely on vola¬ 
tility and the distribution is at least partly 
dependent on the elliciency of scrubbers 
and cooling towers,” they combined tar and 
light oil values {T LO) in their correla¬ 
tions. They found that 

{T + LO) = a + h{VM) + cCHjO) 

and correlated the constants a, 6, and c with 
the temperature of carbonization as follows: 

a = -17.13+0.03ir)6T-0.165r)Xl0-*T2 

, , 498.7 

loRo = 7;;-Tzr — 0.9411 

^ T + 273 

c - 0.00004T - 0.242 

3 Yancey, H. F., Johnson, K. A., and Selvig, 
W. A., 17. B. Bur. Mines, Tech. Paper 512 (1932), 
94 pp. 


Lowry, Landau, and Naugle stated that 
“it should be emphasized that the moisture 
content is not considered as having any 
direct effect on the (TLO) but is used 
in the equation solely as an index of rank 
of the coal.” They preferred the values 
a, 6, and c found from the above equations 
to a', 6', and c' which were determined by 
least squares for the data obtained at the 
individual temperatures. All the values 
used in their calculations for tar plus light 
oil (T + LO) are given in Table 11. 

The same authors also correlated light 
oil (LO) with the volatile-matter content 
of the coal by means of the equations 

(LO) = a-^HVM) 

where b is related to temperature by the 
equation 

1«k6 = -0.5844 - 

Table III contains the values used in 
their calculations, the items having the 
same significance as in Table IT except that 
values of a were developed to give zero er¬ 
rors wdien using b calculated by the equa¬ 
tion relating it to temperature. 

Whereas Parry and also Lowry, Landau, 
and Naugle have shown that there is a re¬ 
lationship between the yield oj tar and the 
volatile matter of the coal carbonized, ])ar- 
ticularly when the oxygen or the moisture 
content of the coal is taken into consider¬ 
ation, no such direct relationship can be 
established between the properties of the 
tar produced and the volatile matter of the 
coal carbonized. That this is especially 
true when the coal is carbonized under 
high-temperature conditions is shown by 
Table IV, which lists some of the proper- 

4 Parry, V. F., U. 8. Bur. Mines, Rept. In¬ 
vestigations 3482 (1940), 37 pp. 

a Lowry, U. II., Landau, H. G., and Naugle, 
L. L., Trans. Am. Inst. Mining Met. Engrs., 140, 
297-330 (1942). 
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TABLE II 

Yield of Tar plus Light Oil (T + LO) 


{T 4- LO) = a + b(VM) + c(H20) 


Temperature, ®C 

600° 

600° 

700° 

800° 

900° 

1,000° 

1,100° 

n 

45 

48 

45 

50 

83 

46 

17 

{T + LO), avg., percent 

8.2 

8.4 

7.6 

7.2 

6.7 

6.1 

5.4 

{T + LO), max., percent 

12.7 

11.8 

12.0 

11.0 

9.3 

8.9 

7.8 

{T + LO), min., percent 

1.6 

1.8 

1.9 

2.2 

1.6 

1.7 

1.1 

R 

0.96 

0.96 

0.96 

0.96 

0.95 

0.97 

0.95 

a' 

-5.25 

.-4.17 

-3.21 

-2.35 

-2.01 

-1.94 

-2.45 

b' 

0.447 

0.427 

0.375 

0.331 

0.304 

0.281 

0.267 

c' 

-0.158 

-0.202 

-0.223 

-0.211 

-0.208 

-0.199 

-0.204 

FEj percent 

0.61 

0.59 

0.50 

0.42 

0.35 

0.33 

0.35 

Ef max., percent 

+2.1 

+ 1.6 

+1.6 

+1.4 

+ 1.4 

+ 1.1 

+1.1 

E, max., percent 

-2.1 

-1.7 

-1.6 

-1.4 

-1.1 

-1.2 

-0.7 

a 


-4.10 

-3.09 

-2.41 

-2.06 

-2.04 

-2.35 

b 


0.427 

0.373 

0.334 

0.305 

0.282 

0.264 

c 


-0.218 

-0.214 

-0.210 

-0.206 

-0.202 

-0.198 


n = numbor of coals for which data were nTcraged. 

H = correlation coefficient. 

6 ', and c' « constants for equation determined by method of least squares for data obtained at 
the individual temperature. 

PM - probable error in percentage. 

M, max. — maximum positive and negative errors, calculated - observed. 

a, h, and o ^ constants obtained from the equations relating them to temj»erature for temperatures 
from 000“ C to 1,100“ C. 


TABLE III 
Yield of Light Oil 
(LO) = a + hiYM) 


Temperature, °C 

500° 

600° 

1 

O 

800° 

900° 

1,000° 

1,100° 

n 

40 

42 

41 

44 

78 

43 

19 

(LO) avg., percent 

0.31 

0.46 

0.63 

0.75 

0.95 

0.94 

0.93 

(LO) max., percent 

0.51 

0.73 

1.00 

I.IO 

1.33 

1.40 

1.24 

(LO) min., percent 

0.11 

0.23 

0.25 

0.40 

0.45 

0.32 

0.28 

R 

0.75 

0.58 

0.85 

0.82 

0.84 

0.93 

0.91 

a' 

-0.020 

0.093 

-0.034 

0.044 

-0.049 

-0.214 

-0.338 

b' 

0.0107 

0.0120 

0.0213 

0.0226 

0.0325 

0.0374 

0.0390 

PEj percent 

0.046 

0.082 

0.063 

0.076 

0.076 

0.074 

0.073 

F, max., percent 

+0.19 

+0.36 

+0.18 

+0.34 

+0.27 

+0.29 

+0.20 

Ef max., percent 

-0.12 

-0.22 

-0.21 

-0.24 

-0.30 

-0.26 

-0.16 

a 

0.008 

0.022 

0.029 

-0.018 

0.028 

-0.158 

-0.410 

b 

0.0098 

0.0143 

0.0193 

0.0246 

0.0300 

0.0356 

0.0412 
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ties of thirty high-temperature (900“ C) 
tars arranged in the order of decreasing 
fixed carbon of the coals from which they 
were derived.® Commenting on this table, 
Fieldner and Davis concluded that “these 
high-temperature tars exhibit no system¬ 
atic variations in properties with rank of 
coal.’’ 

Referring to the fact that “low-tempera- 
lure tars of the low-rank coals tend to run 
higher in tar acids and paraffins than those 
of high rank,” whereas this trend is not 
shown by the thirty high-temperature tars 
listed in Table TV, Fieldner and Davis con¬ 
cluded that “evidently the thermal decom- 
]K)sition of jirimary tars at the higher tem- 
jieratures eciualizes their properties.” This 
IS well illustrated by Tables V and VI, com- 
inled by C. H. Fisher from data of the 
IJ. S. Bureau of Mines.- Table V lists the 
pro])erties of tars produced at 600° C ar¬ 
ranged in order of decreasing fixed carbon 
in the coal. Table VI lists the same prop¬ 
erties for tars produced at 1,000° C from 
the same coals and arranged in the same 
order of decreasing fixed-carbon content. 

Tables V and VI also support the state¬ 
ment by Gluud and Jacobson ^ that “only 
the composition of true primary tar which 
has not been overheated is dependent on 
the coal from which it is recovered by dis¬ 
tillation. The composition of all other tars 
is dependent solely on the effects of de- 
com])ositi()n. By decomposition, the differ¬ 
ences existing between tars obtained from 
different coals, such as steam or bitumi¬ 
nous, may be eliminated to a great extent.” 
In this same connection Gluud and Jacob¬ 
son « quoted F. Fischer as saying that “the 
examination of tar reflects the composition 

6 See p. 75 of ref. 2. 

7 Gluud, W., and Jacobson, D. L., Interna¬ 
tional Handbook of the By-Product Coke In¬ 
dustry, Chemical Catalog Company, New York, 
1932, p. 91. 

8 See p. 83 of ref. 7. 


of a coal in about the same proportion as 
the smoke from a burning library would 
reflect the nature of the contents of the 
burning volumes.” 

Porter,® in discussing the effect of coal 
composition on the properties of coal tar, 
stated that “the higher oxygen coals give 
somew'hat thinner and less degraded tars 
with higher content of phenols,” and he 
suggested that “this may be due, in part, 
to their property of producing, in carboni¬ 
zation, a large proportion of carbon dioxide 
and water vajior.” Granting that the tend¬ 
ency noted by Porter is correct, his sug¬ 
gested exjilanation would indicate that the 
direct cause of the differences noted in the 
properties of tars from high- and low-oxy¬ 
gen coals was temperature and the indirect 
cause was coal composition. 

In general, the effects of coal composition 
on the yield and properties of tar obtained 
from coal by carbonization may be sum¬ 
marized as follows: 

1. The yield of coal tar at all tempera¬ 
tures is influenced by the rank of the coal 
carbonized. 

2. The nature of the coal tar is influ¬ 
enced ai)preciably by the composition of 
the coal carbonized when carbonization is 
effected at low temperatures, but, under 
high-temperature carbonizing conditions, 
the influence of coal composition is largely 
or entirely overcome by the thermal de¬ 
composition of compounds which caused 
the tars produced at lower temperatures to 
have characteristic differences. 

Effect of Carbonization Temperature 

The temperature of carbonization, to a 
greater degree than any other single factor, 
determines the yield and properties of coal 
tar and of each of the other primary prod- 

9 Porter, H. C., Coal Carbonization, Chemical 
Catalog Company, New York, 1924, p. 826. 
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TABLE IV 

Variation of Properties of 900° C Tars with Rank of Coal ® 

(Tars arranged in order of decreasing fixed carbon in coal) 

Fixed 

Drv Tars Percent of Carbon of Btu of 

_ - 1.11 _, Neutral Oil Coal—Dry, Coal—Dry, 




Btu 





•-. 

Mineral- 

Mineral- 

Coal 

Specific 

per 

Tar 

Neutral 

Resi¬ 

Aro¬ 

Paraf¬ 

Matter- 

Matter- 

No. 

Gravity 

Pound 

Acids 

Oils 

due 

matics 

fins 

Free 

Free 




percent 

percent 

percent 



percent * 


23 

1.18 

16,380 

3.9 

20.8 

64.2 

88.8 

2.2 

84.1 

15,844 

26 

1.16 

16,570 

2.7 

24.2 

69.6 

81.7 

11.1 

78.6 

15,763 

4 

1.15 

16,390 

5.2 

32.2 

59.4 

78.7 

1.1 

76.0 

15,742 

27 

1.18 

16,510- 

3.0 

20.7 

70.2 

83.9 

6.8 

72.5 

15,682 

11 

1.15 

16,440 

5.1 

32.2 

59.6 

88.7 

2.3 

71.3 

15,510 

5 

1.16 

16,340 

9.1 

40.0 

47.7 

81.2 

0.4 

70.2 

15,590 

25 

1.11 

16,430 

11.5 

39.7 

45.5 

77.4 

12.1 

70.0 

15,494 

8 

1.20 

16,330 

2.9 

19.4 

69.9 

83.8 

1.1 

69.1 

15,642 

7 

1.21 

16,270 

2.0 

22.8 

64.8 

81.8 

trace 

67.7 

15,494 

17 

1.17 

16,440 

5.6 

29.6 

58.9 

82.9 

5.1 

67.0 

15,529 

18 

1.16 

16,460 

7.4 

28.6 

60.1 

78.5 

9.5 

66.6 

15,502 

29 

1.14 

16,330 

7.5 

29.9 

57.4 

82.1 

7.4 

66.1 

15,411 

24 

1.13 

16,420 

9.2 

37.3 

50.7 

80.5 

7.2 

65.4 

15,375 

6 

1.17 

16,320 

7.7 

36.5 

50.1 

79.0 

0.5 

64.8 

15,347 

30 

1.15 

16,380 

6.6 

29.9 

58.4 

82.6 

6.7 

64.3 

15,424 

9 

1.23 

16,210 

2.5 

17.2 

70.3 

86.6 

1.7 

63.5 

15,480 

12 

1.17 

16,290 

4.9 

27.3 

62.2 

88.5 

2.2 

63.5 

15,426 

1 

1.13 


6.8 

21.3 

69.9 



63.0 

15,310 

28 

1.15 

16,390 

7.7 

32.1 

55.6 

81.6 

7.1 

62.6 

15,338 

3 

1.15 

16,380 

6.8 

30.2 

62.1 

82.9 

3.6 

62.3 

15,497 

13 

1.16 

16,320 

8.7 

33.8 

54.4 

78.8 

8.2 

62.0 

15,090 

2 

1.16 

16,310 

6.5 

24.8 

66.4 



61.9 

15,092 

14 

1.15 

16,350 

7.9 

33.7 

54.1 

78.0 

9.0 

61.6 

15,236 

20 

1.15 

16,310 

9.9 

35.2 

51.8 

79.8 

8.4 

60.8 

15,270 

10 

1.17 

16,220 

7.5 

29.8 

55.1 

81.3 

1.4 

60.6 

14,690 

22 

1.13 

16,360 

10.2 

35.5 

51.5 

79.5 

9.5 

59.9 

15,307 

15 

1.16 

16,360 

6.7 

34.6 

53.3 

82.2 

6.3 

59.5 

15,201 

16 

1.18 

16,300 

5.1 

26.7 

62.1 

86.5 

3.6 

58.9 

15,325 

19 

1.15 

16,270 

6.5 

34.9 

51.5 

82.3 

2.7 

57.1 

14,677 

21 

1.17 

16,090 

7.7 

29.0 

55.9 

81.0 

1.7 

57.0 

14,500 


* Dry, inineral-matter-free fixed carbon = Axed carbon 

100 - (1,1 X Dry aah) 
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Tars arranged in order of decrea«ng fixed carbon of coai. t Numbers used in ref. 2 to designate the parent coal. 







































1294 


THE CHEMICAL NATURE OF COAL TAR 


nets derived from a given coal when it is 
destructively distilled. 

Table VII, compiled from data pub¬ 
lished by the U. S. Bureau of Mines,^ 





Fig. 1. Effects of carbonizing temperatures on 
yields of primary products from Prntt coni. 
Yields of primary products plotted individually. 


shows to what extent the yield of each of 
the primary products, and also the yield 
of each constituent of each primary prod¬ 
uct, is influenced by changes in carboniza¬ 
tion temperature from 500 to IjlOO** C. 
The tests from which these data were ob¬ 
tained were all performed in a single type 
and size of experimental retort (13-inch di¬ 
ameter by 26 inches high), and with only 


one kind of coal (Pratt). The changing 
yields of the primary products with increas¬ 
ing carbonizing temperatures are plotted 
individually in Fig. 1 and collectively in 
Fig. 2. The curves in these two figures are 
plotted from the data presented in Table 
VII. From the curves in these figures, it 
is obvious that the yield of coke is highest 
at 5(X)® C, decreases to a minimum at 
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Pig. 2. Effects of carbonizing tcmi>erntnrcs on 
yields of primary products from Pratt coal. 
Yields of primary products plotted collectively. 


900° C, and risc.s slightly thereafter to 
1,100° C. The yield of tar is greatest at 
600° C and decreases gradually thereafter. 
Liquor plus ammonia increases to 700° C, 
remains substantially constant between 700 
and 900° C, and then decreases. Light oil 
does not vary greatly but reaches a maxi¬ 
mum at 1,000° C. Gas increases through¬ 
out the entire range. 

In commenting on the shape of the tar 
curve, Fieldner and Davis stated that 
“the bend in the tar curve is characteristic 
only for medium- and low-volatile coals. 
These coals evolve gases and vapors at a 
lower rate than high-volatile coals, thus 

10 See p. 24 of ref. 2. 
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TABLE VII 


Yields of Primary Products and Their Constituents in Percent by Weight of Coal 
Resulting from the Carbonization of Pratt Coal at Temperatures of 500 to 1,100® C * 


Carbonization Temperature 

500® 

600® 

700® 

800® 

900® 

1,000® 

1,100® 


Carbon dioxide 

0.65 

0.96 

1.36 

0.75 

0.97 

1.18 

0.88 


Illuminants 

0.47 

0.76 

1.74 

2.02 

2.41 

2.16 

2.41 


Oxygen 

0.14 

0.14 

0.17 

0.15 

0.25 

0.20 

0.29 

Cias 

Hydrogen 

0.12 

0.34 

0.79 

1.19 

1.41 

1.83 

2.29 


Carbon monoxide 0.19 

0.55 

1.14 

1.60 

2.13 

2.99 

4.81 


Methane 

2.52 

4.35 

5.38 

5.87 

6.31 

6.99 

6.15 


Ethane 

1.34 

1.32 

1.26 

0.97 

0.31 

0.14 

0.06 


Nitrogen 

0.27 

0.38 

0.56 

0.45 

0.61 

0.61 

0.91 


TotJil 

5.70 

8.80 

12.40 

13.00 

14.40 

16.10 

17.80 


Olefins 

0.05 

0.08 

0.09 

0.07 

0.05 

0.04 

0.03 


Naphthalene 

Trace 

0.0005 

0 00 

0.001 

0.0008 

0.0009 

0.002 

Light 

Benzene 

0.02 

0.03 

0.10 

0.26 

0.51 

0.63 

0.56 

oil 

Toluene 

0.02 

0.04 

0.10 

0.19 

0.16 

0.14 

0.10 


I^araffins 

0.18 

0.17 

0.07 

O.OG 

0.02 

0.02 

0.01 


.Solvent naphtha 

0.11 

0.14 

0.15 

0.11 

0.09 

0.07 

0.05 


Total 

0.38 

0.46 

0.51 

0.69 

0.83 

0.90 

0.75 

liiquor 

[ Ammonia 

0.01 

0.06 

0.20 

0.20 

0.17 

0.16 

0.11 

and 

ammonia 

1 Liquor 

4.80 

5.70 

6.00 

5.90 

5.70 

4.70 

2.90 

Total 

4.81 

5.76 

6.20 

6.10 

5.87 

4.86 

3.01 



Acids . 

1.30 

1.36 

1.11 

0.62 

0.34 

0.18 

0.08 


Bases 

0.11 

0.11 

0.12 

0.11 

0.105 

0.06 

0.04 

I"ar 

Olefins 

0.32 

0.40 

0.28 

0.26 

0.25 

0.18 

o.r, 


Aromatics 
Paiaffins and 

1.53 

1.71 

1.77 

1.76 

1.71 

1.26 

0.82 


naphthenes 
Hesidue above 

1.43 

1.22 

0.45 

0.15 

0.105 

0.06 

0.03 


350® C 

2.91 

3.60 

3.57 

3.90 

3.59 

3.26 

2.46 


Total 

7.60 

8.40 

7.30 

6.80 

6.10 

5.00 

3.60 


"Ash 

9.20 

8.20 

8.60 

9.00 

9.20 

9.50 

9.30 


Hydrogen 

2.50 

1.80 

1.20 

0.80 

0.50 

0.30 

0.20 

Coke 

Carbon 

64.90 

63.00 

61.70 

61.40 

61.60 

62.10 

63.30 


Nitrogen 

1.50 

1.30 

1.10 

1.00 

1.10 

1.00 

0.60 


Oxygen 

2.60 

1.80 

1.10 

0.70 

0.10 

0.00 

0.20 


.Sulfur 

0.60 

0.50 

0.70 

0.50 

0.60 

0.50 

0.50 


Total 

81.30 

76.60 

74.40 

73.40 

73.10 

73.40 

74.10 
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permitting more cracking of tar into gas 
and coke. High-vohatile coals gave a 
greater yield of tar at 500® than at 600®, 
provided the tar offtake was kept heated 
near the carbonizing temperature to pre¬ 
vent refluxing of condensed tar.” They 
also stated that “the yield of tar decreases 
and the yield of gas increases with the tem¬ 
perature owing to pyrolysis of the volatile 
products distilled from the coal.” Exami¬ 
nation of the curves in Figs. 1 and 2 shows 
that the yield of “ammonia and liquor” de¬ 
creases above 700® C and “light oil” above 
1,000® C. Obviously some pyrolysis of each 
of these primary products takes place, and 
decomposition products from them, as well 
as from the tar, tend to increase the yields 
of gas and coke as carbonization tempera¬ 
tures are increased. 

In order to determine to what extent the 
decomposition of each primary product 
contributed to the yields of other primary 
})roducts each time the carbonizing tem- 
l)erature was raised 100® C, Table VIII was 
l)repared from data contained in Table 
VII. The left-hand portion of this table, 


VIIIA, shows the increase or decrease of 
each primary product for each 100° rise in 
percent by weight of the coal. The right- 
hand portion of the table, VIIIB, shows 
the increase or decrease of each primary 
product in percent of the total increase or 
decrease of all products. For example, be¬ 
tween 500 and 600® C, according to Table 
VIIIA, the decrease in coke yield amounted 
to 4.7 percent. All the other primary 
products together increased by the same 
amount. Their individual increases were 
tar 0.8 percent, liquor and ammonia 0.05 
percent, light oil O.OS percent, and gas 2.87 
percent. Table VIIIB shows that coke was 
the only i)roduct that decreaseil in yield 
(100 percent), and its decomposition ])rod- 
ucts went 17.0 percent to tar, 20.2 per¬ 
cent to liquor and ammonia, 1.7 percent to 
light oil, and 61.1 percent to gas. The fol¬ 
lowing conclusions may be drawn from the 
data in Table VIII for the temperature in¬ 
tervals between 600® and 1,100° C. 

000 to 700" C: Both coke and tar were 
decomposed in this range, coke accounting 
for 66.7 percent of the total, and tar 88.8 


TABLE VIII 


Effect op Each 1(X)° C Rise above 500° C on Yields of Primary Products 
FROM Pratt Coal ^ 

A B 


Increase oi Den ease for Eaeh 100® C Rise in 
Pei cent by Weight of Coal 

Temperature 

Interval 

®C 

Increase oi Decrease foi Each 100® C Rise in 
Pei cent of Total Inciease or Decrease 

Coke 

Tar 

Liquoi 

and 

Ammo¬ 

nia 

Light 

Oil 

Gas 

and 

Loss 

Coke 

Tar 

Liquoi 

and 

Ammo¬ 

nia 

Light 

Oil 

Gas 

and 

Loss 

-4.7 

-2.2 

-1.0 

-0.3 

+0.8 

+0.95 

+0.44 

i 

40.08 ! 
+0.05 

+0.18 

+0.14 

+0.07 

+2.87 

+2.81 

+ 1.42 

+1.09 

+1.74 

+2.70 

500-000 

600-700 

700-800 

800-900 

900-1.000 

1 ,000-1,100 

-100.0 

-66.7 

-62.5 

-24.4 

+17.0 

+20.2 

+13.3 

+1.7 

+1.5 

+11.2 

+11.4 

+3.3 

+61.1 

+85.2 

+88.8 

+88.6 

+82.5 

+79.4 

-1.1 

-0.5 

-0.7 

-1.1 

-1.4 

-33.3 

-31.3 

-56.9 

-52.1 

-41.2 

-0.10 

-0.23 

-1.01 

-1.85 

-6.2 

-18.7 

-47.9 

-54.4 

+0.3 

+0.7 

+14.2 

+20.6 

-0.15 

-4.4 
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percent. Pyrolysis of these two materials 
yielded liquor and ammonia 13.3 percent, 
li^ht oil 1.5 percent, and gas 85.2 percent. 

700 to SOO"" C: In this temperature range, 
coke, tar, and liquor plus ammonia were 
decomposed, coke accounting for 62.5 per¬ 
cent, tar for 31.3 percent, and liquor plus 
ammonia for 6.2 percent of the total. The 
products of their pyrolysis were divided 
between light oil 11.2 percent and gas 88.8 
percent. 

800 to 900° C: Coke, tar, and liquor were 
decomposed, but the major change was now 
in tar instead of coke, the proportions be¬ 
ing coke 24.4 percent, tar 56.9 percent, and 
liquor 18.7 percent. Products from them 
were divided between light oil, 11.4 per¬ 
cent, and gas, 88.6 jiercent. 

900 to 1W0° C: Coke yield increased in 
this range together with light oil and gas. 
The projiortions were 14.2, 3.3, and 82.5 
percent, respectively. They were increased 
at the expense of tar, 52.1 percent, and 
liquor jilus ammonia, 47.9 iiercent. 

1,000 to 1,100° C: Only coke and gas 
increased m this range, coke making up 
20.6 percent of the total and gas 79.4 per¬ 
cent. Their increases came from tar 41.2 
percent, licjuor plus ammonia 54.4 percent, 
and light oil 4.4 percent. 


From the above analysis it appears that 
w’hen the carbonization temperature is 
raised from 500 to 1,100® in 100® incre¬ 
ments the volatile material in the 500® coke 
is largely decomposed below 900® C, tar 
starts to crack at 600® and reaches a maxi¬ 
mum at 900®, liquor plus ammonia starts 
to break down at 700® and decomposes 
steadily thereafter, and light oil decomposes 
at 1,000®. The gas yield does not decrease 
in any range. 

All. the above observations are concerned 
with the yields of tar and other primary 
products resulting from the carbonization 
of one bituminous coal (Pratt), in a single 
type and^size of retort at temperatures of 
500 to 1,100® C. Interesting conclusions 
concerning the composition of the tar pro¬ 
duced at different temperatures in these 
same experiments may be drawn ‘from addi¬ 
tional data which are assembled in Table 
IX. From these data, the curves in Figs. 
3 and 4 have been plotted. Figure 3 shows 
how the bases, acids, olefins, paraffins and 
naphthenes, aromatics, and pitch vary with 
carbonizing temperature. Figure 4 shows 
the composition of the tar at each carbon¬ 
izing temiierature from 500 to 1,100® C. 

Figures 3 and 4 and Table IX indicate 
that the olefin content of the tar does not 


TABLE IX 

Composition of Tar, Percent by Volume, from Pratt Coal Carbonized at Temperatures 

OF 500 TO 1,100® C 2 


Distillate to 350° C 


Carbonization 

' 



Paraffins and 


Pitch (Residue 

Temperature 

Bases 

Acids 

Olefins 

Naphthenes 

Aromatics 

above 350° C) 

°(y 

500 

1.4 

17.1 

4.3 

18.9 

20.0 

38.3 

600 

1.3 

16.2 

4.7 

14.5 

20.4 

42.9 

700 

1.6 

15.3 

3.8 

6.2 

24.2 

48.9 

800 

1.7 

9.1 

3.7 

2.2 

26.0 

57.3 

900 

1.8 

5.4 

4.1 

1.4 

29.1 

58.2 

1,000 

1.5 

3.4 

3.9 

0.9 

27.9 

62.4 

1,100 

1.1 

2.3 

4.7 

0.8 

22.8 

68.3 



im 


THE CHEMICAL NATURE OF COAL TAR 


vary materially between 500 and 1,100“ C, 
that the tar-base content increases slightly 
to 900“ C and then decreases slightly, that 
the tar acids decrease slowly between 500 
and 700“ and rapidly thereafter, that the 



Fio. 3. Effects of carbonizing temperatures on 
composition of tnr from Pratt coal, ('oncenlm- 
tions of tnr constituents plotted individuall.\ 


paraffins and naphthenes decrease rapidly 
from 500 to 800“ and then slowly to 1,100“, 
that aromatics rise to a maximum at 900“, 
and that pitch increases steadily through¬ 
out the entire range from 500 to 1,100“ C. 

According to data presented in Tables 
VII and VIIT, pyrolysis of the tar begins 
at 600“ C. It appears from Table VIII 
that between 600 and 700“ C pyrolysis of 


the tar can result in the formation of 
liquor and ammonia, light oil and gas; be¬ 
tween 700 and 900“ C in the formation of 
light oil and gas; between 900 and 1,000“ C 
in the formation of light oil, gas and coke; 
and between 1,000 and 1,100“ C in the for¬ 
mation of gas and coke. 

In order to determine to what extent 
these changes take place and to study the 



Carbonizing Temperature. ‘C 


Fig. 4. Effects of carbonizing temperatures on 
composition of tar from Pratt coal. Concentra¬ 
tions of tnr eonstituenia plotted collectively. 

mechanism of tar pyrolysis with resulting 
change in composition. Table X was pre- 
Iiared from data contained m T/ibles VII, 
VIII, and IX. It is based on the maximum 
yield of tar, which amounted to 8 4 jiercent 
by weight of the coal when carbonized at 
600° (\ For each 100° temperature in¬ 
terval it was assumed that the sum of the 
actual tar yield as given in Table VII and 
the products resulting from the pyrolysis 
of constituents that were present in the tar 
at 600“ C should equal 8.4 percent. It was 
further assumed, as indicated by Table 
VIII, that the products resulting from the 
pyrolysis of tar constituents between 600 
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TABLE X 


Percent by Weight of 8.4 Percent (Yield 
OP Tar at 600® C) for the Tar Constituents 
AND Their Pyrolysis Products 



600“ 

600“ 

700“ 

800“ 

900“ 

1,000“ 

1,100" 

Bases 

1.3 

1.3 

1.4 

1.3 

1.25 

0.7 

0.5 

01e6ns 

3.8 

4.7 

3.3 

3.1 

3.0 

2.15 

2.0 

Acids 

16.5 

16.2 

13.2 

7.4 

4.0 

2.15 

0.9 

Paraffins and 








naphthenes 

17.0 

14.5 

5.4 

1.8 

1.25 

0.7 

0.4 

Aromatics 

18.2 

20.4 

21.1 

21.0 

20.4 

15.0 

9.8 

Pitch 

34.7 

42.9 

42.5 

46.4 

42.7 

38.8 

29.3 

Coke 

9.5 





3.6 

11.9 

Liquor and 








ammonia 



1.4 





Light oil 



0.2 

1.0 

1.7 

2.1 


Gas 



11.5 

18.0 

25.7 

34.8 

45.2 


and 700° were liquor and Jimmonia, light 
oil, and gas; betvvoon 700 and 900° they 
were light oil and ga.s; between 900 and 
1,000®, light oil, gas, and coke; and be¬ 
tween 1,000 and 1,100®, gas and coke. It 
was further assumed in these calculations 
that all the coke increase between 900 and 
1,100® C came from the pyrolysis of con¬ 
stituents of tar and none of it from light 
oil or gas. 

From the data in Table X were plotted 
the curves shown in Figs. 5 and 6. Figure 
5 shows individually the increases and de¬ 
creases of the tar comjionents and pyroly¬ 
sis products that together make up the 8.4 
percent tar yield at 600° C. Figure 0 pre¬ 
sents the same re.sults collectively. 

From the data in Table X were also cal¬ 
culated those apiiearing in Table XL Sec¬ 
tion A gives the actual increase or decrease 
of each tar component and jiyrolysis prod¬ 
uct in percent by weight of 8.4 percent 
(yield of tar at 600® C) for each 1(X)° rise 
in temperature; B shows the percent of 
the total decrease or jiyrolysis each com¬ 
ponent contributed and what percent of 
the total increase was contributed by each 
product of pyrolysis. 

The following observations are based on 


a study of the data presented in Tables X 
and XI and the curves in Figs. 5 and 6: 

Between 500 and 600® C, paraffins and 
naphthenes (20.8 percent) and coke (79.2 



Olefins 


0 -'. . ‘ - ‘ ■ ' 

5 - . Bases 

°500 600 700 800 900 1000 1100 

Carbonizing Temperature, *C 

Fi«. 5. Formation and pyrolysis, at dlfferont 
carbonizing temperatures, of the constituents of 
tar produced from Pratt coal at COO® C (8.4 per¬ 
cent). Fonstituents plotted individually. 

percent) are decomposed with the forma¬ 
tion of acids (5.9 percent), olefins (7.5 per¬ 
cent), aromatics (18.3 percent), and pitch 
(68.3 percent). 

Between 600 and 700® C, paraffins and 
naphthenes (65.4 percent), acids (21.6 per¬ 
cent), olefins (10.1 percent), and pitch (2.9 
percent) are decomposed with the forma- 
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tion of bases (0.7 percent), aromatics (5.0 
percent), and liquor and ammonia, light oil, 
and gas (10.1, 1.4, and 82.7 percent re¬ 
spectively) . 

Between 700 and SOO'^C, paraffins and 
naphthenes (32.1 percent), acids (51.8 per- 


^Ammonia 


Aromatics 


Pitch 


31 




Acids 






— 

Sie 

liS 

Ed 



Paraffins 
and 


Naphthenes ^ 




500 600 700 800 900 1000 1100 

Carbonizing Temperature, *C 


Pio. (5, Formation and i).\rol.vhis a1 dlfPoront 
(‘arbonl/jiif; teinporaturo.s, of the eonstituents of 
tar i»rodiieed from Pratt eoal at (!00® C (8.4 per¬ 
cent). (’onstitiientH plotted collectively. 


pent), olefins (l.S percent), bases (0.0 per¬ 
cent), aromatics (0 9 percent), and liquor 
and ammonia (12.5 percent) decom])Ose to 
form pitch (34.S percent), light oil (7.2 per¬ 
cent), and gas (5(S.O per cent). 

Between SOO and fiOO" C, paraffins and 
nai)hthenes ((i.5 jiereent), acids (40.5 per¬ 
cent), olefins (1.2 percent), ba.ses (O.fi per¬ 
cent), aromatics (7.1 percent), and pitch 
(44.1 percent) form light oil (8.3 percent) 
and gas (91.7 percent). 


Between 900 and 1,000“ C, paraffins and 
naphthenes (4.2 percent), acids (14.1 per¬ 
cent), olefins (6.5 percent), bases (4.2 per¬ 
cent), aromatics (41.2 percent), and pitch 
29.8 percent) form coke (27.5 percent), 
light oil (3.0 percent), and gas (69.5 per¬ 
cent). 

Between 1,000 and 1,100“ C, paraffins and 
naphthenes (1.6 percent), acids (6.7 per¬ 
cent), olefins (0.8 percent), bases (1.1 per¬ 
cent), aromatics (27.8 percent), pitch (50.8 
percent), and light oil (11.2 percent) form 
coke (44.4 percent) and gas (55.6 percent). 

In the above analysis, it may be observed 
that up to 700° C aromatics are formed by 
the i)yrolysis of some of the other tar con¬ 
stituents faster thjin they are decomposed 
and thereafter are decomposed faster than 
they are formed. It is interesting to note 
the yields of naphthalene salts and anthra¬ 
cene salts from the carbonization ex])eri- 
ments with Pratt eoal from which the other 
data discussed above were obtained: 


Carbonizing 

Naphthalene 

Anthracene 

Temperature 

Salts 

Salts 


pounds per 

pounds per 


ton ol coal 

ton of eoal 

500 

0 

0 

600 

0 

0 

700 

0 

0.tl7 

HOO 

0.613 

1.700 

900 

2.513 

2.733 

1,000 

5.120 

2.940 

1,100 

4.766 

2.196 


It would appear from these results that, 
\Ahereas aromatics in general form between 
5(K) and 700° V and then start to decom¬ 
pose at 700° C, “naphthalene and anthra¬ 
cene salts” form between 700 and 1,000“ C 
and decompose between 1,000 and 1,100° C. 

In general, the various observation.^ re¬ 
corded above, that are based specifically 
on the data furnished for Pratt coal,° are 

11 See pi>. CO ami Cl of ref. 2. 
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Effect of Each 100° C Rise above 500° C on Yields of Tar Products from Pratt Coal 
(Based on 8.4 Percent Tar Yield at 600° C) 

A 


Increase or Decrease of Tar Components for Each 100® C Rise in Percent by Weight of 8.4 Percent 


Tempera- , -—---- 

ture Paraffins and Arc- Liquor and Light 

Intel val Naphthenes Acids Olefins Bases inatics Pitch Coke Ammonia Oil Gas 

.500-600 • -2.5 -hO.7 -1-0.9 0 -f2.2 -f-8.2 -9.5 . 

600-700 -9.1 -3.0 -1.4 -fO.l -1-0.7 -0.4 . -1-1.4 -}-0.2 -1-11.6 

700-800 - 3.6 - 5.8 - 0.2 - 0.1 -0.1 +3.9 . -1.4 +0.8 +6.6 

800-900 - 0..55 - 3.4 - 0.1 -0.05 -0.6 - 3.7 . +0.7 +7.7 

900-1,000 -0.66 -1.86 -0.85 -0..55 -5.4 -3.9 +3.6 +0.4 +9.1 

1,000-1,100 - 0.3 -1.25 - 0.15 - 0.2 - 5.2 - 6.5 +8.3 -2.1 +10.4 


B 


Increase or Decrease of Tar Components for Each 100° O Rise in Pei cent of Total Increase or Decrease 
Tempera- r -■- - —*-» 


tuie 

Interval 

Paraffins and 
Naphthenes 

Acids 

Olefins 

Bases 

Aro¬ 

matics 

Pitch 

Coke 

Liquoi and 
Ammonia 

Light 

Oil 

Gas 

600-600 

-20.8 

+6.9 

+7.5 

0 

+18.3 

+68 3 

-79.2 




600-700 

-65.4 

-21.6 

-10.1 

+0.7 

+5.0 

-2.9 


+10.1 

+1.4 

+82.7 

700-800 

-32.1 

-51.8 

-1.8 

-0.9 

-0.9 

+34.8 


-12.5 

+7.2 

+58.0 

800 900 

-6.5 

-40.5 

-1.2 

-0.6 

-7.1 

-44.1 



+H.3 

+91.7 

900-1.000 

-4.2 

-14.1 

-6.5 

-4.2 

-41.2 

-29.8 

+27.5 


+3.0 

+69.5 

1,000-1,100 

-1.6 

-6.7 

-0 8 

-1.1 

-27.8 

-60.8 

+44.4 


-11.2 

+55.6 


in agreement with the following conclusions 
by Pryde concerning the effect of tem¬ 
perature on tar compo.sition and the chem¬ 
ical decomposition which occurs. Pryde's 
conclusions are based on his reviews of the 
])ublished work dealing with these subjects: 

Then' is a nuirkcd difference between tlie 
tar obtnined in low-tenii)eratiire carboniziition 
and tlial got at higher temjierjilure.s. Low- 
tt'inperature tar di.stilled at 450° C is brown, 
oily, and contam> unsat lira ted hydrocarbons 
(olefins), naphthenes, paraffins, plienols, and 
pyridines (bases), wliile beiizent' and its 
lioniologues and solid aromatic bodies (naph¬ 
thalene and anthracene salts) are ab.sent. 
Tar obtained at 1,100° C is black, vi.scid, and 
contains jntch, benzene hydrocarbons, naidi- 
Ihalene, and anthracene, and only traces of 
ali])hatic hydrocarbons. It is derived from 
low-temT)('rature tar by progri'ssive thennal 
decomposition. The thermal decomposition 
reactions occurring are somewhat compli¬ 
cated, and no attempt will be made to go 
into them in detail. 

12 Pryde, D. 11., Gaa World, 101, Coking Sect., 
108-10 (1934). 


The initial reactions include the loss of 
hydrogen from the naphthenes and the break¬ 
ing down of the higher-boiling-point phenols 
and tar acids to those of lower boiling point. 
These reactions take place mainly between 
500 and 700° C. Between 700 and 800° C the 
final decompo,sitions reach a maximum. The 
phenols and tar acids give benzene, naphtha¬ 
lene, and a certain amount of carbon monox¬ 
ide, ethylime, methane, and free carbon. The 
paraffins and unsaturated hydrocarbons give 
in part olefins which reconden.se to give aro¬ 
matic hydrocarbons. The aromatic hydro¬ 
carbons, in their turn, suffer some decompo¬ 
sition. 

Morgan and Soule have presented the 
following conclusions concerning the effects 
of temperature on coal during its carboni¬ 
zation: 

1. Tlu' decomposition of the coal substance 
to ordinary high-temperature tar, when sub¬ 
jected to the action of heat, is a process of 
progressive step-by-step decomposition in 

13 Morgan, J. J., and Soule, R. P., Chem. d 
Met. Eng., 20. 1025-30 (1922). 
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which pyrogenetic syntheses play only a sec¬ 
ondary part. 

2. Six-membered rings and combinations 
thereof characterize the entire series of de¬ 
composition products from coal to high-tom- 
perature tar. The decompositions during car¬ 
bonization are essentially reactions effecting 
the elimination of side chains. 

3. The average molecular weights of the 
liquid intermediate products constantly de¬ 
crease as the temperature of carbonization 
rises. This decrease is marked by the evolu¬ 
tion of hydrogen, methane, and ethane. 

4. The initial decomposition of the low- 
temperature tar first formed is brought about 
by (a) loss of hydrogen from a portion of 
the naphthenes with a resultant increase in 
the proportion of unsaturated hydrocarbons; 
(b) loss of side chains from the phenols by 
hydrogenation with the resultant formation 
of lower-boiling phenols; and (c) loss of 
hydrogen from the nitrogen bases to form a 
large proportion of tertiary compoimds. 

5. Final decompositions are at a maximum 
between 700 and 800® C and are marked by 
(a) dehydrogenation and dealkylation of the 
hydroaromatic unsaturated hydrocarbons and 
nitrogen bases to form aromatics, with the 
elimination of hydrogen, methane, and other 
simple gases; (b) hydrogenation of the phe¬ 
nols to aromatic hydrocarbons, and of these 
aromatic hydrocarbons to lower-boiling aro¬ 
matics, with the formation of methane, 
(’thane, and water; and (c) secondary, pyro- 
gc’netic syntheses of higher aromatics from 
simple compounds. 

6. The phenols of low-temperature tar are 
the principal source of the monocyclic aro¬ 
matic hydrocarbons. The unsaturated naph¬ 
thenes of low-temperature tar are the princi¬ 
pal source of the polycyclic aromatic hydro¬ 
carbons. 

All the above considerations, which are 
in substantial agreement, clearly indicate 
that temperature of carbonization has a 
profound effect, not only upon the yield of 
tar from coal but upon the nature of the 
tar as well. That it has a greater effect 
than the type of equipment used for the 
carbonization and, in fact, is the governing 
factor will be developed in the following 
discussion of this phase of the subject. 


Effect of Carbonizing Equipment 

Coal-carbonization equipment is usually 
classified as low-temperature or high-tem- 
perature depending upon the temperature 
reached by the coke during the carbonizing 
process. According to Morgan, 

If the decomposition of the coal is carried 
to completion near the temperature of initial 
decomposition, say at 800 to 1,000® F (425 to 
550® C), the process is one of low-tempera¬ 
ture carbonization, land] at 1,300 to 1,500® F 
(700 to 800® C), a second decomposition point 
is reached, which is characterized by the evo¬ 
lution of large amounts of hydrogen. If the 
decomposition is carried to completion at 
this or higher temperatures, the process is 
one of liigh-temperature carbonization and 
the solid residue is coke containing little or 
no volatile matter. • • • High-temperature 
carbonization as ordinarily carried on is not, 
however, as simple a process as the above 
description might lead one to believe. It is, 
as we shall see, a combination of low-, inter¬ 
mediate-, and high-temperature carbonization. 
The coal is not distilled at a temperature but 
up to a temperature. Therefore, the prod¬ 
ucts of ordinary high-temperature carboniza¬ 
tion are those of high-temperature carboni¬ 
zation mixed with all the substances produced 
by the action of heat upon the gaseous and 
liquid products of low- and intermediate- 
temperature carbonization. 

Perhaps th(' best way to bring about a full 
realization of tlie complexity of high-tem- 
peratiire carbonization as outlined above is 
to trace tlie travel of heat through an un¬ 
stirred charge of coal in a retort or oven. 

The temperature of tlie walls in high-tem¬ 
perature carbonization varies from about 
1,600® F (850 to 900® C) in a coke oven to 
1,800 or 2,000® F (1,000 or 1,100® C) in a 
horizontal retort. This is considerably higher 
than is needed for complete carbonization, 
but is required to give' the heat gradient 
necessary to force the heat through the charge 
in the short time which is cMracteristic of 
modem carbonization praAiA Thus, the 
coal which is close to the |waRs of the car¬ 
bonizing chamber is ver\ »apidly heated to 

14 Morgan, J. J., Manufactured J, J. 

Morgan, Now York, N. Y., Ut ed., 1926, Vol 1, 
pp. 62-3. 
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the temperature of the walS Its carboniza¬ 
tion approaches veiy nearly tqja true high- 
temperaturo carbonization, 

On the other hand, the coal in the interior 
of the charge is heated very slowly, and its 
final temperature may be 200 to 300® F lower 
than the temperature of the walls. It under¬ 
goes all of the stages from low- to high- 
temporature carbonization. Therefore, it is 
very easy to see that the products of the 
low- and intermediate-temperature carboni¬ 
zation of the coal in the interior of the 
charge are subject to the decomposing action 
of heat as they escape through the hot coke 
and along the hot walls of the oven or 
retort. 

The coke is a high-temperature coke in 
that it IS almost completely freed of its vola¬ 
tile matter. The gas and tar, however, are 
mixtures of high-temperature products with 
the iiroducts resulting from the decomposi¬ 
tion by heat of the low- and intermediate- 
temperature gases and tars. 

The last statement is particularly signifi¬ 
cant. It indicates that coke, depending 
upon the temperature to which it is heated 
before leaving the carbonizing equipment 
and the extent to which it is freed of its 
volatile matter, can be classified either as 
low-temperature coke or high-tem])erature 
coke, regardless of the type of carboniz¬ 
ing equipment used It is customary for 
tars jiroduced in the making of low-tem- 
jierature coke to be called low-temperature 
tars and for those produced in the making 
of high-temperature coke to be called high- 
ternperature tars, but it does not follow 
that all so-called low-temperature tars have 
only the characteristics that are typical of 
true low-temperature tars. In fact, some 
tars produced in the making of low-tem¬ 
perature coke have many of the character¬ 
istics of high-temperature tars. Also, it 
does not follow that all so-called high-tem¬ 
perature tars have only the properties that 
characterize true high-temperature tars. 
Some of them have many of the character¬ 
istics of low-temperature tars as well. 


Gluud and Jacobson characterized low- 
temperature tar as follows: 

1. It must be liquid at room temperature. 
(The liquid condition may be impaired some¬ 
what by small paraffin deposits.) 

2. Its specific gravity at 25® C (77® F) must 
tpnmin between 0.95 and 1.06. 

3. In thin layers it must resemble an oil 
varying from red-gold to port-wine in color. 

4. When fresh, it smells of hydrogen sul¬ 
fide or ammonium sulfide; in no case should 
a naphthalene odor be noticeable. 

LOW-TEMPERATURE CARBONIZATION—DISCO 
PROCESS 

No tar produced in the United States at 
this time on a commercial scale fully com¬ 
plies with the above requirements for low- 
temperature tar although one installation 
produces low-temperature coke. The proc¬ 
ess used, known as the Disco process, has 
been described by Denig in Chapter 21, by 
Lesher,^® and by several United States Pat- 
ents.^^ The coke contains about 16 per¬ 
cent volatile matter. Its temperature when 
it leaves the retort is approximately 425® C 
(800® F). There can be no doubt about its 
being true lo\v-temperature coke; but the 
tar, instead of having a specific gravity at 
25® C between 0.95 and 1.06, has, according 
to Davies,^® a specific gravity of 1.14. 
Also, according to Davies, the Disco tar, 
in bulk, is black and “makes a greenish 
smear.” Even when filtered to remove the 
coal dust and other suspended solids which 
it contains, thin smears of Disco tar on 
bright surfaces show a dark brownish red 
color instead of the red-gold to port-wine 

16 See p. 86 of ref, 7. 

16 Lealier, C. E., Trans. Am. Inst. Mining Met. 
Engrs., 139, 328-63 (1940) ; Ind. Eng. Chem., 
33, 808-0 (1941). 

iTWisner, C. B., U. S Pats. 1,490,357 (1924), 
1,748,815, 1,756,896 (1930), 1,835,128 (1931), 
1,967,762 (1934), 1,993,198, 1,993,199 (1935). 
Lesher, V. E., U. S. Pat. 2,080,946 (1937). 

18 Davies, C., Jr., Ind. Eng. Chem., 83, 860-4 
(1941). 
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color prescribed for low-temperature tars. 
Disco tar also is viscous; true low-tem¬ 
perature tars are thin and oily. Preheat¬ 
ing and partial surface oxidation of the 
coal, recirculation of heated breeze, vigor¬ 
ous stirring by the rotation of the retort, 
and partial combustion of vapors and gases 
within the retort by air admitted for the 
purpose are undoubtedly some of the fac¬ 
tors that tend to produce high-temperature 
tar in equipment making low-temperature 
coke. They cause a part of the low-tem¬ 
perature tar, first liberated from the coal, 
to be decomposed, with the formation of 
products normally found in high-temi)era- 
ture tar. A tar having intermediate char¬ 
acteristics is produced. 

HIGH-TEMPEKATURE CARBONIZATION 

Curran-Knowles Process. The Curran- 
Knowles process of coal carbonization, used 
in two United States plants of the Mid¬ 
west-Radiant Corporation at West Frank¬ 
fort and Millstadt, Ill., produces high-tem- 
perature coke of low volatile content; but 
the tar has many of the characteristics of 
low-temperature tar. It is thin and oily 
and contains large amounts of tar acids, 
which are largely of the high-boiling va¬ 
riety usually found in low-temperature tars. 
The construction and operation of the sole 
flue ovens used in the Curran-Knowles 
process are also described by Denig in 
Chapter 21, by Thiessen, Stevenson, Given, 
and Curran.^” According to Curran: 

The process is based on the use of the sole 
flue oven where coal is carbonized by spread¬ 
ing a relatively thin layer on a horizontal 
hearth and heating it from beneath. The 
fundamental coking reaction taking place 
under these conditions is very different from 

i» ThleHKrn, (i.. Inti. Eng. Chvm , 29, 506-13 
(1037). StevonHon, W. W., Am. Onn J., 148, 
No. 2, 9-13 (1938). Given, 1. A., Coal Age, 4.1, 
No. 5. 33-5 (1940). Curran, M. D., Ind. Eng. 
Chem., 3S, 850-2 (1941). 


that which occurs when coal is treated at the 
same temperatures in the vertical-slot-type 
coking chamber or the common gas retort. 
Of considerable importance is the fact that 
a part of the gases distilled from the coal 
pass up through the coal layer and preheat 
the coal, with the result that much faster 
coking speeds are developed. This reaction 
is also accompanied by less than the usual 
amount of cracking of the tarry gases with 
higher yields of tar and less graphitic carbon 
deposit on the coke substance. 

The tar from Curran-Knowles ovens, like 
that from the Disco process, has character¬ 
istics intermediate between true low-tem¬ 
perature and true high-temperature tars. 
A part of the low-tcmpcrature tar first lib¬ 
erated from the coal is transformed by py¬ 
rolysis into high-tempeniture tar by com¬ 
ing in contact with highly heated coke near 
the hot floor of the oven or with the oven 
floor itself. The remainder of the low- 
temperature tar coming from the compara¬ 
tively cool middle and to]) portions of the 
coal layer is not decomposed, at least not to 
the same extent as that from the bottom of 
the charge. The mixed tars resulting from 
these ojierations closely resemble that from 
the Disco process. In other words, two 
carbonizing processes, one of which makes 
low-temperature coke and the other high- 
temiierature coke, produce tars having 
similar characteristics. 

Vertical Retorts. Vertical retorts, both 
intermittent and continuous, are generally 
considered to represent one type of high- 
temperature carbonizing equipment. The 
coke is heated to high temperatures and is 
substantially devolatilized before it is dis¬ 
charged. However, like Curran-Knowles 
ovens and for much the same reason, verti¬ 
cal retorts produce tars that have some of 
the characteristics of low-temperature tars. 

The construction and operation of verti¬ 
cal retorts are discussed by Denig in Chap¬ 
ter 21, by Porter,® Morgan,^** and others. 
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Morgan has made the following state¬ 
ment concerning the tar from vertical re¬ 
torts: 

Tar and ammonia yields are higher and the 
tar is less degraded. There is less lamp black, 
cyanogen, and naphthalene formed. This is 
doubtless due to the smaller area and cone 
shape of the carbonizing layer in the con¬ 
tinuous vertical. The result is that much of 
the gas and vapors pass up through the cool 
coke in the center of the retort and are not 
subjected to the decomposing effect of the 
hot coke and hot retort walls. Naphthalene 
troubles are practically unknown in continu¬ 
ous vertical systems, and the tar is very low 
in pitch. 

As the coal passes downward in con¬ 
tinuous vertical retorts, it passes slowly 
through constantly increasing zones of 
temperature. Low-temperature tar liber¬ 
ated in the upper and cooler part of the 
retort may escape with little decomposi¬ 
tion. Some of the tar produced further 
down may come in contact with moderately 
or highly heated walls, but much of it un¬ 
doubtedly escapes through the coal with 
little decomposition. The combined tar 
which emerges from the retort therefore 
contains tars which have been subjected 
largely to low-temperature conditions, to 
some extent to mid-temperature conditions, 
and only to a small extent to high-tem- 
perature conditions. Its characteristics are 
intermediate between those of low- and 
high-temperature tars. 

Byproduct Coke Ovens. Horizontal- 
chamber, slot-type, byproduct coke ovens, 
as normally constructed and operated in 
the United States, produce high-tempera¬ 
ture coal tars. Their development, con¬ 
struction, and operation have been dis¬ 
cussed at length by Denig in Chapter 21. 
Temperature conditions and the course of 
gas travel in the charge in byproduct coke 
ovens have been discussed by Porter: 

iio See p. 128 of ref. 14. 

21 See p. 148 of ref. 9. 


The gaseous products do not pass entirely 
along the hot walls of the oven, nor do they 
find exit in any considerable amount through 
the uncoked center of the coal charge. The 
main portion passes through the coked and 
partly coked region in the charge, backward, 
toward the walls, from the advancing ring 
or shell of fused coal. It seeks the easiest 
passage—where the material in relatively 
porous and in some measure fissures have 
lieveloped. Naturally, in paths of least re¬ 
sistance, much of these products seeks its 
egress along t-he open space where, near the 
wall especially, the hardened coke has drawn 
away a lit lie to leave openings. But the prin¬ 
cipal portion passes upward and out of the 
charge through the coking mass without 
reacliing the hot walls. 

Much decomposition of the primary tars 
and gases, arising from the pasty fused layer 
of coal, takes place as these products pass 
through the heated zones. Carbon is de¬ 
posited thereby on the coking material, not 
loosely as soot, but in a hard, cementing 
form which aids in strengthening the coke. 

A small amount of gas and vapors, con¬ 
taining a la)ge proportion of steam, must 
pass out through the inner core of uncoked 
coal. It comprises essentially the initial car¬ 
bonization products, formed from the coal 
while being heated to the fusion or pasty 
stage, i.e., up to 350° C. This is relatively a 
very small part of the total gas(‘ous products, 
and it undergoes liUle or no secondary de¬ 
composition until it reaches the hot open 
space above the charge. 

In byproduct coke ovens substantially all 
the tar, before it leaves the ovens, is heated 
sufficiently to decompose the paraffins, 
naphthenes, and high-boiling tar acids orig¬ 
inally present in the primary tar first lib¬ 
erated from the coal and to form in the tar 
substantial amounts of naphthalene, an¬ 
thracene, and other hydrocarbons and 
pitch. True high-temperature tar closely 
approximating that produced at 900 to 
1,100“ C in the experimental retorts used 
in the BM-AGA tests ^ is produced. If the 
tar leaving the coal charge is heated too 
long or too high in the free space above the 
charge, decomposition of some of the tar 
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constituents occurs with the formation of 
coke and gas. The resulting tar then re¬ 
sembles, to some extent, the tar produced 
in horizontal retorts. 

Horizontal Retorts. The tar from hori¬ 
zontal retorts is high-temperature tar that 
has been cracked to a considerable extent 
by prolonged contact with highly heated 
walls and coke. Horizontal retorts are 
heated uniformly to a high temperature 
(about 1,000 to 1,100“ C) throughout their 
entire length. Tar escaping from coal par¬ 
ticles in any part of the retort can hardly 
fail to come in contact with hot walls be¬ 
fore leaving the retort. The tar, first 
liberated from the coal as primary or 
low-temperature tar, passes successively 
through mid- and high-temperature stages 
and then a large proportion of it is further 
altered or decomposed by contact with the 
highly heated retort walls. Some of the 
constituents, first formed under mid- and 
high-temperature conditions, are cracked 
with the formation of gas and coke, and 
the physical and chemical characteristics of 
the high-temperature tar are altered ap¬ 
preciably. Viscosities, specific gravities, 
free carbon, and pitch contents are in¬ 
creased, and distillate yields arc decreased. 

Actually, the walls of most horizontal 
retorts are not heated much hotter than 
those of byproduct coke ovens, but the ra¬ 
tio of wall surface to coal charge is greater 
in horizontal retorts, and the space above 
the coal charge through which the tar must 
pass has the same high temperature as the 
remainder of the retort. These conditions 
cause a greater proportion of the tar to be 
decomposed. The effect of such decompo¬ 
sition is shown in Fig. 7, the curves for 
which were plotted from the analyses of 
forty-five typical high-temperature coal 
tars. Three of them came from vertical 
retorts, thirty-three from byproduct coke 
ovens, and nine from horizontal retorts. 


In the specific gravity range of 1.09 to 
1.215, which is the range for vertical-retort 
and byproduct coke-oven tars in Fig. 7, 
the various curves are continuous, indicat¬ 
ing that naphthalene content, tar acids, 
percent distillate to 300“ C, percent distil¬ 
late to 355“ C, and benzol-soluble material 
change in regular order with increasing spe¬ 
cific gravity. But the curves break at 1.22 
specific gravity, which is the start of the 
range for the horizontal-retort tars. Ap¬ 
parently some condition other than tem¬ 
perature accounts for the fact that the 
horizontal-retort curves are not merely 
continuations of those for the vertical and 
liyproduct coke-oven tars. The explana¬ 
tion appears to lie in the fact, mentioned 
above, that in horizontal retorts a greater 
proportion of the tar comes in contact with 
highly heated retort walls and more of it is 
thermally decomposed than in coke ovens 
even though the side walls of the ovens 
may be heated to approximately the same 
temperatures as the walls of the horizontal 
retorts. 

This hypothesis is supported by analyti¬ 
cal data for one hundred and fifty tars pro¬ 
duced from different coals in a single ex¬ 
perimental retort,^ the same retort that 
was used for the tests on Pratt coal 
which were discussed earlier in this chap¬ 
ter. Volkmann plotted the specific grav¬ 
ities of the tars produced in these tests 
against carbonization temperatures. On 
the right-hand side of Fig. 7 are given the 
ranges of specific gravity and also the av¬ 
erage specific gravity for each 100“ rise in 
temperature as plotted by Volkmann. At 
1,100“ C the average specific gravity was 
1.20. At 1,200“ C (extrapolated) it was 
1.225. According to Fieldner,®^ this is the 

22 Volkmann, E, W., dissertation, Columbia 
University, 19.'15, p. 09. 

23 Fieldnor, A. C., U. 8. Bur. Mines, Tech. 
Paper 39B (1926), 46 pp. 



TYPES OF COAL TAR 


1307 


maximum temperature in high-temperaturcf 
carbonization, and yet all the specific grav¬ 
ities for horizontal-retort tars in Fig. 7 are 
higher than 1.225. Prolonged contact of 
the tar or contact of a greater proportion 
of it with walls heated to 1,100 to 1,200® C 


But, in high-temperature carbonization, the 
shape, the size, the method of heating, the 
amount, and the temperature of the space 
above the coal charge, and other factors, 
tend to influence the extent to which the 
primary tar, first produced by thermal de- 


enzol Soluble 


Distillate to 355‘Cl 


Distillate to 300 * Cl 


isBB&mini 
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Percent by Weight 

Fig. 7. Relationships between the specific gravities and compositions of forty-five typical coal tars 
from vertical retorts, coke ovens, and horizontal retorts. 


could account for the higher specific-grav¬ 
ity range and for the large amount of de¬ 
composition indicated by the high percent¬ 
age of benzol-insoluble material in the 
horizontal-retort tars. 


In general it may be concluded that the 
major factor that influences the character¬ 
istics of the tar produced in different types 
of carbonizing equipment is temperature. 


composition of the coal, is itself decom¬ 
posed. Vertical retorts, Curran-Knowles 
ovens, and Disco-process retorts all pro¬ 
duce tars that contain substantial amounts 
of low-temperature mixed with high-tem¬ 
perature tar. Their specific gravities lie in 
the range of 1.09 to 1.14. Byproduct coke- 
oven tars which range in specific gravity 
from 1.145 to 1.22 contain some low-tem¬ 
perature tar in the lower part of the range, 
but little or none as the specific gravity 















1308 


THE CHEMICAL NATURE OF COAL TAR 


rises to 1.22. At this point all the tar 
probably is of the high-temperature va¬ 
riety, all the low- and mid-temperature 
tars having been converted into this type 
by pyrolysis. Horizontal-retort tars have 
specific gravities above 1.22 because the 
high-temperature tars formed in them by 
the pyrolysis of primary tars are further 
decomposed with the formation of coke 
and gas. 

Including true low-temperature tar as 
one type, it will be seen from the above 
that there are four types of coal tar which 
may be divided according to specific-grav¬ 
ity ranges approximately as follows: 


SpKfiPic Gravity 
(at 15.6“ C) 

True low-tempcrature tar 
Low-temperature tar con¬ 
taining an increasing pro¬ 
portion of high-tempera¬ 

0.98 to 1.09 

ture tar 

High-temperatuie tar con¬ 
taining a diminishing pro¬ 
portion of low-tempera¬ 

1.09 to 1.14 

ture tar 

High-tempoiaturc tar par¬ 
tially decomposed by py¬ 

1.14 to 1.22 

rolysis 

1.22 to 1.27 


Analyses of Coal Tars Produced in the 
United States 

The effects of coal, carbonizing tempera¬ 
ture, and type of carbonizing equipment on 
the physical and chemical characteristics of 
coal tars have been discussed in preceding 
pages. Reasons for differences in the na¬ 
ture and compositions of coal tars pro¬ 
duced in low-temperature, rotary retorts, 
sole-flue heated ovens, vertical retorts, by¬ 
product coke ovens, and horizontal retorts 
have been given. In Table XII are pre¬ 
sented typical analyses of tars produced by 
these five types of equipment in the United 
States. The methods of analysis used in 
obtaining the data for Table XII, reasons 
for their selection, and the significance of 
the analytical results are as follows: 


Specific Gravity. (Hydrometer method, 
Ai5.T.M. Standard D70-27.24) In general, the 
specific gravities of coal tars rise with increas¬ 
ing temperatures of carbonization regardless 
of the types of coal or carbonizing equip¬ 
ment used. This is borne out by the spe¬ 
cific gmvities of the vertical-retort, coke- 
oven, and horizontal-retort tars in Table XII. 
But it is not indicated by the specific gravi¬ 
ties of the low-temperature, rotary-retort, or 
the sole-flue-oven tars. The presence of coal 
dust, coke dust, and lampblack resulting from 
partial combustion of gas and volatile ma¬ 
terials in the retorts by air admitted for the 
purposf', undoubtedly is responsible for the 
abnormally high specific gravity of the rotary 
retort tar; on the basis of carbonizing tem¬ 
perature alone it should have a lower specific 
gravity than any of the other tars repre¬ 
sented in the table. 

The solc-flue-oven tar, as previously 
pointed out, contains tars that have been 
subjected both to low-temperature and high- 
temperature conditions. In the analysis 
given in Table XII, its specific gravity is 
slightly higher than that of the vertical- 
retort tar, indicating a higher content of 
high-ternperature tar, although its tar acid 
content and distillation-test results indicate 
a higher content of low-temperature tar. 

Absolute Viscosity. (Koppers Capillary 
Rise Viscometer-®) This method of viscosity 
measurement was selected in order that the 
viscosities of all the tars might be measured 
at a single temperature, for purposes of 
comparison. In Table XII are given the 
absolute viscosities in centistokes at 35® C 
for all the tars and at 20 and 50® C for some 
of them. The influence of the solid ma¬ 
terial contained in the rotary-retort tar is 
again evidenced by its comparatively high 
viscosities at 20 and 35® C. The viscosities 
of the other tars increase in the expected 
manner and in the order of the carbonizing 
temperatures to which they were subject'd 
during their formation. 

Temperature Susceptibility Factor. Calcu¬ 
lated by means of the following formula de- 

24 A.8 T.M. Standards, Pt. II, American So¬ 
ciety for Testing Materials, Philadelpliia, 1942, 
p. 406. 

25 Rhodes, E. O., Volkmann, E. W., and Bar¬ 
ker, C. T., Eng. Neioa-Record, 115. 713-7 (1985). 
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Type of Carbonizing Equipment 
Spemfic gravity at 15.5/16.5° C 
Abeolute viscosity, oentistokos 
at 20° C 
at 36° C 
at50°C 

Viscosity temperature susceptibility, S 
Carbon I (nitrobenzene-insoluble) 

Carbon II (acetone-insoluble, tar-soluble) 
Benzene-insoluble 
Distillation, percent by weight 
to 170° C 
to 200° C 
to 210° C 
to 235° C 
to 270° C 
to 300° C 
to 315° C 
to 335“C 
to 355° C 
Residue 

Softening point of distillation residue (R.B.) 
residue at 270° C 
residue at 300° C 
residue at 355° C 

Tar acids in 0-270" fraction, percent by vol¬ 
ume of tar 

Naphthalene in 170-235° fraction, percent 
by volume of tar 
Sulfonation factors 
0-.300° (' fraction 
300-355° C fraction 


TABLE XII 


Analyses of Typical Tars 


Rotary 

Sole-Flue 


Retort 

Oven 


(Disco 

(Curran- 

Vertical 

Process) 

Knowles) 

Retort 

1.141 

1.113 

1.103 

3,545 

253 

1,493 

530 

63 

237 

1.19 

1.28 

1.29 

12.3 

2.1 

2.2 

0.2 

1.1 

2.6 

13.6 

3.4 

3.5 

1.8 .. . 

2.1 .... 

1.2 .... 

3.3 . . 

4.3 .... 

2.6 .... 

5.0 .. . 

7.4 .... 

4.0 .... 

13.2 . .. 

22.3 .... 

11.4 . . 

25.8 

33.8 

21.2 

35.4 33.9 

41.8 41.7 

28.8 28.2 

.. . 39.2 

.. . 45.6 

32.7 

. 44.2 

63.8 

. . 40.6 

55.8 

61.6 

... 49.6 

62.4 42.4 

57.6 37.7 

70.8 49.7 

77..5° C 

37.2°C 

30.9°C 

93.6° 

45.6° 

37.2° 

209.0° 

94.2° 

80.0° 

17.5 

18.4 

7.36 

Trace 

Trace 

0.55 

1.27 

1.79 

3.11 


Trace 

1.86 


Byproduct, Coke Oven 
(Koppers) 


Average 

Heavy 

Horizontal 

Retort 

1.180 

1.226 

1.249 

1.931 _ 

316 

2,850 

14,090 


493 

2,065 

1.21 

1.16 

1.04 

2.5 

10.8 

17.3 

8.7 

10.8 

12.3 

4.6 

12.0 

21.0 

0.7 .... 

0.4 .... 

1.5 .... 

1.1 .... 

0.7 .... 

1.7 . . 

1.8 .... 

1.3 .... 

2.0 .... 

7.1 ... 

6.1 .... 

4.3 ... 

18.2 . . 

15.4 . . 

11.0 .... 

26.3 24.9 

20.9 20.1 

17.5 15.2 

. 28.3 

. . 21.8 

.... 17.6 

.... 33.4 

.. . 25.8 

.... 21.0 

.. . 41.9 

.. . 34.0 

.... 30.3 

73.7 57.6 

78.2 65.9 

82.3 69.6 

41.5°C 

41.6° C 

66.0°C 

48.6° 

53.9° 

59.2° 

89.8° 

80.4° 

108.5° 

2.01 

2.2 

1.21 

7.45 

6.3 

5.31 


0.04 

0.42 


0.03 

0.12 


V(‘loi)ed by Novilt and Krchma for the 
dotorminalion of iho susceptibility (aS) of 
visco.sity to temperature changes: 


S = 0.221 X ■ 


^ /log Vi 4- 0.08\ 
\log Vi + o.os/ 


log 




where Vi and V 2 are absolute viscosities 
measured at absolute temperatures Ti and 
T 2 respectively. Coal tars arc highly com¬ 
plex systems in which solids of microscopic 
and ultramicroscopic size are suspended in 
an oily medium. Change in viscosity with 
temperature, at h'ast in part, is a function of 


20 Nevitt, H. Q., and Krchma, L. C., Ind, Eng, 
Chern,, Anal. Ed., 9, 119-22 (1937). 


the number and degree of dispersion of the 
suspended particles in the tar; the finer and 
more numerous the suspended particles, the 
smaller the change in viscosity with change 
in tempt'rature. 

Comparison of the susceptibility factors in 
Table XII, except that of the rotary-retort 
tar, indicates that the susceptibility of vis¬ 
cosity to temperature change decreases in 
coal tars as carbonizing temperatures in¬ 
crease. The fact that the rotary-retort tar, 
produced at the lowest carbonizing tempera¬ 
ture, has a susceptibility factor in the range 
of the coke-ov('n tars, is probably due to the 
coal which it contains, a part of the coal 
being dispersed in the oily medium of the 
tar in suc.h a fine state of subdivision as to 
influence its temperature susc;eptibility. Simi¬ 
lar dispersoids, prepared from coal and tar. 
















1310 


THE CHEMICAL NATURE OF COAL TAR 


have been described by Evans and Pickard 
and others. 

Carbon I {Tar-Insoluble Material). A 
sample of the tar to be tested, of such size 
that the final quantity of tar-insoluble ma¬ 
terial is about 0.1 gram, is dissolved in high- 
boiling coal tar oil (whose insoluble content 
has been determined) or nitrobenzene by 
heating to 70* C with stirring. The solution 
is filtered with suction through a filtering 
crucible containing 1.0 gram of a dried filter- 
aid. When filtration is complete, two suc¬ 
cessive portions of creosote at 70® C are 
poured through the filter from the beaker in 
which the tar was first dissolved to wash 
adhering particles from the beaker and to 
wash the undissolved portion of the tar con¬ 
tained in the crucible. Washing is then con¬ 
tinued with nitrobenzene in 6- to 10-milli- 
litor portions, stirring the filter mat at in¬ 
tervals, until the filtrate is clear. After wash¬ 
ing with 5- to 10-milliliter portions of ace¬ 
tone or benzene to remove the nitrobenzene, 
the crucible is dried at 105® C for 30 minutes, 
cooled in a desiccator, and weighed. The 
increase in weight of the crucible, minus the 
amount of insoluble material from the creo¬ 
sote used, divided by the weight of tar tested, 
gives the percentage of tar-insoluble material 
or Carbon I. 

This method of test is based upon the 
researches of Hodurek,28 who found that the 
amount of material dispersed in tar that is 
insoluble in the tar itself (which he called 
Carbon I) may be determined directly by 
means of anthracene oil in a manner similar 
to the above. The amount of tar-insoluble 
matter determined in this manner compares 
favorably with the amount which may be 
removed from the tar directly by filtration. 
According to Mallison,^® “This coarse free 
carbon, which can be isolated by filtration 
of the nitrobenzene solutiqp, can be consid¬ 
ered as a kind of filler, which gives a certain 
stability to the system. The finely dispersed, 
so-called free carbon, the particle size of 
which varies from microscopic to ultramicro- 

27 Evans, B. V., and Pickard, H., An Investi¬ 
gation Into the Nature and Properties of Coal 
Tar, South Metropolitan Qas Company, London, 

1081, p. 28. 

2BHodurek, R., Mitt. Inst. Kohlenvergasung, 
1, 9-10, 19-21, 28-80 (1919). 

29 Mallison, H., Proe. Srd Intern. Oonf. Bitu¬ 
minous Coal, 1, 947-57 (1981). 


scopic, determines the adhesive and binding 
properties of the tar.” 

The high Carbon I content of the rotary- 
retort tar is a measure of the coal and lamp¬ 
black particles of microscopic size contained 
in it, for, without such contamination, tar 
produced at the low temperature employed 
in this process could be expected to have 
even less Carbon I than the sole-flue-oven or 
vertical-retort tars. The higher Carbon I 
contents of the coke-oven and horizontal-re- 
tort tars reflect the higher temperatures at 
which they are produced, insoluble carbon 
particles being formed by the pyrogenetic 
decomposition of high-molecular-weight hy¬ 
drocarbons contained in the oily medium, 
which also are produced by elevated tem¬ 
peratures of carbonization. 

Carbon II (Acetone-Insoluble Tar-Soluble 
Material). To a sample of the tar to be 
tested, of sufficient size to yield about 0.1 
gram of acetone-insoluble material, is added 
0.5 milliliter of nitrobenzene. The beaker 
containing the tar and nitrobenzene is 
warmed gently, shaken until the tar has dis¬ 
solved in the nitrobenzene, distributed evenly 
over the bottom and 2 centimeters up the 
sides of the beaker, and cooled to room tem¬ 
perature, and 100 milliliters of acetone is 
added. The first 10 milliliters of acetone is 
added slowly and with constant shaking to 
distribute the precipitate evenly over the 
bottom and sides of the beaker. The re¬ 
mainder of the acetone can be added more 
quickly. After being stirred mechanically 
for 30 minutes at room temperature, the 
solution is filtered through a Royal Berlin 
A-2, 13502 filtering crucible. Washing is done 
with the filtered acetone solution made up 
to 100 milliliters with fresh acetone followed 
by a final wash with not more than 10 milli¬ 
liters of fresh acetone, using suction on the 
crucible. After drying for 20 minutes, the 
crucible is cooled in a desiccator and weighed. 
The weight of the precipitate divided by the 
weight of sample taken gives the percentage 
of acetone-insoluble material in the tar. The 
Carbon II content of the tar is calculated 
by subtracting the Carbon I content, deter¬ 
mined as described above, from the percent¬ 
age of acetone-insoluble material. The dif¬ 
ference, or Carbon II content, represents that 
portion of the tar which is soluble in the 
tar itself but insoluble in acetone. 

This test, like the Carbon I determination 
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described above, is based upon the work of 
Hodurek except that acetone is used instead 
of benzene. Acetone gives a greater differ¬ 
entiation between different tars than carbon 
disulfide or benzene and is a more satisfac¬ 
tory test material than ethyl ether or petro¬ 
leum ether.®® 

Volkmann, Rhodes, and Work ®® have 
stated “that the percentage of binding con¬ 
stituents in coal tars may perhaps be evalu¬ 
ated or indicated by the amount of C-II as 
determined by acetone extraction.” This has 
been confirmed by comparing the Carbon II 
contents of tars and pitches with their bind¬ 
ing capacities as determined by laboratory 
and service methods. 

The direct relationship between Carbon II 
content and conditions of carbonization is 
shown by the Carbon II results reported in 
Table XII. Figure 8 shows the rise in Car¬ 
bon I and Carbon II content with rise in 
specific gravity for the vertical-retort tar, 
coke-oven tars, and horizontal-retort tars 
whose analyses are given in Table XII. The 
curves indicate that a steady increase in the 
Carbon II content takes place as the specific 
gravity increases, probably because resinous 
constituents of high molecular weight are 
formed by polymerization as the temperature 
of carbonization and amount of contact be¬ 
tween tar and heated surfaces are increased. 
The curve for Carbon I shows that, with 
lower temperatures and less contact with 
heated surfaces which give high-temperature 
tars of comparatively low specific gravity 
(below 1.18), little decomposition of the tar 
occurs but a large and increasing amount of 
decomposition takes place as the specific 
gravities increase owing to more severe car¬ 
bonizing conditions. 

B(nzcne-Imoluhle Matter: A 3- to 10-gram 
sample of tar (depending upon the estimated 
insoluble material) is digested for 20 to 30 
minutes with 60 milliliters of toluene at 90 
to 100“ C. The toluene-tar mixture is de¬ 
canted into a weighed Alundum thimble, 
washed with pure benzene, and allowed to 
drain. It is then extracted with hot refluxed 
benzene until the benzene leaving the Alun¬ 
dum thimble is colorless. The thimble is 
then dried at 97 to 100“ C, cooled in a desic¬ 
cator, and weighed. The increase in weight 

80 Volkmann, B. W., Rhodes, E. 0., and Work, 
L. T., Ind. Eng. Ohem., 28, 721-34 (1986). 


divided by the weight of sample tested repre¬ 
sents the percentage of benzene-insoluble 
material which the tar contains. 

Test results by this method represent Car¬ 
bon I plus Carbon II as determined by Hodu¬ 
rek,®® the Carbon II in this case being ben¬ 
zene-insoluble tar-soluble materisd instead of 
the acetone-insoluble tar-soluble material 
previously discussed. 



Fig. 8 . Relationships between insoluble- 
material contents and specific gravities of the 
vertical retort tar, coke-oven tars, and horizontal- 
retort tars whose analyses are given in Table 
XII. 

The benzene-insoluble data in Table XII 
have the same significance as the sums of 
the Carbon I and Carbon II results reported 
there, but the greater differentiations due to 
the use of acetone as mentioned above are 
apparent. Also, the benzene-insoluble results 
alone have little significance as compared 
with separate Carbon I and Carbon II de¬ 
terminations. 

Distillation. (A.S.T.M. Standard Method 
D20-30.®^) With the except ion of the rotary- 
retort tar, the distillation results in Table 
XII show the gradual decrease in the amount 
of distillate to each temperature with in¬ 
creasing carbonizing temperatures. The 
slightly increased amounts of distillate to 
170, 200, and 210* C in the horizontal-retort 
tar indicates that the excessive decomposition 
which takes place in horizontal retorts forms 
low-boiling oils as well as Carbon I and 
Carbon II. Obviously, high-molecular-weight 

SI See p. 458 of ref. 24. 
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and high-boiling compounds break down with 
the formation of carbon and some low-molec¬ 
ular-weight compounds. The diluting effect 
of the Carbon I in the horizontal-retort tar 
is seen by the fact that its percentages of 
distillate to different temperatures are lower 
than those of the Curran-Knowles tar. 

Softening Points of Distillation Residue. 
(Ring and Ball Method A.S.T.M. D36-26.3*^) 
In general the softening points of the distil¬ 
lation residues at 270, 300, and 355® C in¬ 
crease with increasing carbonizing ti'mpera- 
tures as shown by the vertical-rc'tort, coke- 
oven, and horizontal-retort tars. This is 
probably caused by the increase in Carbon I, 
which con(*entrateH in the distillation residue, 
and by the fact that distillation of the tars 
containing higher percentages of Carbon II 
causes some decomposition of Carbon II into 
Carbon I, as pointed out by Hodurek, the 
Carbon I formed in this manner further in¬ 
creasing the residue softening points. 

The fact that the residue softening points 
of the rotary-retort tar are higher than those 
of the horizontal-retort tar may be due to 
the increased amount of solution or disper¬ 
sion of the coal contained in this tar which 
takes place as its temperature increases dur¬ 
ing distillation. 

Tor Acids and Naphthalene. Sixteen hun¬ 
dred grams of tar is distilled to 270® C vapor 
temperature. The distillate to 270® C is ex¬ 
tracted thri’o times with a 15 percent sodium 
hydroxide solution. The phenolate is sprung 
with 40 percent caustic soda solution and 
poured through a known volume of xylene. 
The increase in volume of th(' xylene is the 
volume of dry tar acids extracted from the 
tar oil. This volume, divided by the origi¬ 
nal volume of the tar, gives the percentage 
of tar acids by volume obtainable from the 
tar by distillation to 270® C. 

The neutral oil remaining after the extrac¬ 
tion of tar acids is redistilled, and the frac¬ 
tion from 170 to 235® C is cooled to 25® C 
for at least 2 hours, and preferably overnight. 
The oil is then pressed in a 2.25-inch cylin¬ 
der with a total pressure of 8 tons. The dry 
cake is adjusted, if necessary, to the desm'd 
softening point by the admixture of some of 
the filtrate from the pressing operation. Its 
weight is determined and volume calculated. 

The tar acid and naphthalene results in 

S 2 See p. 488 of ref. 24. 


Table XII clearly show the effect of carbon¬ 
izing temperature and carbonizing conditions 
on the chemical composition of the tar. The 
decomposition of tar acids and formation of 
naphthalene with increasing carbonizing tem¬ 
peratures are evident. 

Sulfonation Factor. (A.A.S.H.O. Standard 
Method T108-42.33) 

The comparatively high sulfonation fac¬ 
tors of the rotary-retort, sole-flue-oven, and 
vertical-retort tars confirm the statements 
previously made that tars produced at lower 
temperatures contain higher proportions of 
paraffins and naphthenes. The fact that they 
are decomi)os(*d at higher temperatures is 
shown by the low sulfonation factors of the 
coke-oven and horizontal-retort tars. 

In the i)aragraphs above, the method 
and significance of each test as applied to 
the different tar samples have been dis¬ 
cussed. In the following paragraphs the 
significance t)f the entire analysis of each 
tar is summarized. 

Low-Temp(raturc, Rotary-Retort Tar 
{Disco Process). The fact that this tar con¬ 
tains a large proportion of primary tar is 
indicated by its high tar acid content, by 
the absence of naphthalene in the 170 to 
235® neutral oil fraction at atmospheric tem¬ 
perature, and by the moderately high sul¬ 
fonation factor for the 0 to 300® fraction. 
Its spec’ific gravity, absolute viscosities, and 
softening points of distillation residues are 
abnormally high for low-temperature tar 
owing to the presence of a large amount of 
insoluble, suspended, solid material which 
probably consists largely, if not entirely, of 
coal dust, coke dust, and lampblack. The 
coal dust and coke dust are entrained in the 
gases leaving the rotary retort, and the lamp¬ 
black results from partial combustion of the 
gas and volatile materials which it contains 
by air admitted into the retorts. The 
amount of insoluble, suspended material pres¬ 
ent in the tar is shown by the Carbon I de¬ 
termination. The fact that this tar has a 
lower temperature susceptibility factor than 
either the sole-flue-oven tar or the vertical- 

33 titundard Spccijtcatiuns Jor Highway Ma¬ 
terials and Methods of Sampling and Testing, 
American Association of State Highway Officials, 
4th ed., 1942, Pt. II, pp. 118-7. 
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retort tar and is comparable in this respect 
to coke-oven tar probably is due to the pres¬ 
ence of dispersed, colloidal particles of coal 
or lampblack. The absence of Carbon II 
(acetone-insoluble tar-soluble matter) shows 
that this tar docs not contain polymerized, 
resinous constituents like those contained in 
the tars produced at higher temperatures. In 
general, it appears to be a low-tcmperature 
tar with a large amount of solid, insoluble 
matter in suspension. 

Solc-Fhir-Oven Tar {Curran^Knowlcs Proc- 
es‘.s). This tar also contains a large propor¬ 
tion of primary tar as shown by its high tar 
acid content, the absence of naphthalene at 
atmospheric temperature in the 170 to 235® 
neutral oil fraction, moderately high sulfona- 
tion factor, low absolute viscosities at 20 and 
35° C, and large amounts of distillate to 300 
and to 355° C. That it contains some high- 
leniperature tar as well is indicated by its 
specific gravity, which is slightly higher than 
that of the vertical-retort tar, and by the 
softening points of its distillation residues, 
which are similar to those of the coke-oven 
tars. Also, in susceptibility factor. Carbon I, 
and benzene-insoluble contents, it closely re¬ 
sembles the vertical-retort tar. 

ycriical-Rvlort Tar. Tliat the vertical-re- 
tort tar sample represented by the analysis 
in Table XII contained more high-tempera¬ 
ture tar than either the sole-flue-oven or the 
rotary-retort tar is evidenced by the in¬ 
creased amount of Carbon II, the presence of 
naphthah'iie m the 170 to 235° neutral oil 
fraction, lower tar acid content, and smaller 
amounts of distillate to 300 and to 355° C. 
However, the presence of a considerable 
amount of jinmary tar is shown by the low 
specific gravily of the sample and the high 
.sulfonutioii factors for the 0 to 300° and 300 
to 355° fractions, the \iscosities at 20 and 
35° C, and, also, the softening points of dis¬ 
tillation residues, which are lower than those 
of the high-temperature tars from coke ovens 
or horizontal retorts. 

Byproduct Cokc-Oi^cn Tors. The analyses 
of two typical coke-oven tars are given in 
Table XII; one is intended to represent coke- 
oven tars of medium specific gravity, and 
the other, coke-oven tars of high specific 
gravity. The low sulfonation factors for the 
high-gravity coke-oven tar, the high naphtha¬ 
lene and Carbon II contents, and the higher 
viscosities, lower susceptibility factors, and 


lower percentages of distillate to 300 and to 
355° C for both samples are characteristic of 
high-temperature tars containing little if any 
primary tar. 

IIorizontal-Retort Tar. Previously it has 
been indicated that horizontal-retort tars are 
high-temperature tars which have been par¬ 
tially cracked or decomposed by the condi¬ 
tions of temperature and contact with highly 
heated surfaces to which they are exposed 
in the horizontal retorts. This is indicated 
by the analysis of a typical horizontal-retort 
tar given in Table XII. Its high specific 
gravity, high viscosities at 35 and 50° C, high 
nitrobenzene- and benzene-insoluble contents, 
high softening points of distillation residues, 
and low susc*cptibility factor all indicate that 
.some of the constiluents of the high-tempera- 
lure tar first formed in the retorts have been 
partially decomposed. 

Production and Use or Coal Tar in the 
United States 

With the exception of small amounts of 
tar produced in gas ovens, the only tars 
from bituminous coal that are produced 
commercially in the United States are 
those discussed above, namely, byproduct 
coke-oven tar, vertical-retort tar, horizon¬ 
tal-retort tar, solc-flue-oven tar (Curran- 
Knowles process), and low-ternperature, ro¬ 
tary-retort tar (Disco process). The quan¬ 
tity of each variety produced in 1942 is 
shown in Table XIII, from which it is clear 
that byproduct coke-oven tar has almost 
entirely displaced all other types of coal 
tar in the United States, for reasons ex¬ 
plained by Denig in Chapter 21 as deter¬ 
mining the predominant position achieved 
by the horizontal chamber, byproduct coke 
oven in the American coke industry. 

Some experiments are being conducted 
with the Hayes process, low-temperature 
retorts which have been described and dis- 
cu.s.sed by Woody; but no commercial 
quantity of tar is produced by this method. 

.14 Woody, G. V., Ind. Eng. Ohem., 83» 841-44 
(1941). 
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TABLE XIII 

Production of Coal Tab in the United 
States in 1942 



Percent 

T3rpe of Tar 

Gallons 

of 

Total 

Byproduct coke-oven 
(horizontal-chamber) ®® 

740,175,619 

96.76 

Vertical^etort (intermit¬ 
tent and continuous) 

13,440,106 

1.75 

Horizontal-retort (stop 
end and through) *® 

7,366,756 

0.96 

Sole-flue-oven (Curran- 
Knowles process) 

2,160,000 

0.28 

Rotary-retort (Disco pro¬ 
cess) 

1,500,000 

0.19 

Gas-oven *® 

284,967 

0.04 


Total 764,927,448 100.00 


One low-temperature installation at Dick¬ 
enson, N. D., carbonizes lignite occasionally 
in retorts of the Lurgi type. According to 
Fieldner,®® it has a capacity of 60,000 to 
70,000 tons of lignite briquets per year; 
and the production of tar ranges from 8 to 
10 gallons per ton of briquets. The Lurgi 
process employed in this plant has been 
illustrated and described briefly by Field¬ 
ner.®® The tar from this source is not in¬ 
cluded in Table XIII, but, if it were in¬ 
cluded, it would not appreciably affect the 
total quantity or the percentage of the to¬ 
tal tar which the byproduct coke-oven tar 
represents—about 97 percent. 

In Table XIV are presented the figures 
for the production and distribution of by¬ 
product coke-oven tar in the United States 
in 1940, 1941, and 1942, as given in the 
Minerals Yearbook and other reports of 
the U. S. Bureau of Mines for those years 
and in the U. S. Tariff Commission Re- 

ssU. S. Bur. Mines, Mineral Market Report 
1057 (1948), p. 2. 

86 Fieldner, A. C., Minerals Yearbook, U. S. 
Bureau of Mines, Washington, D. C., 1937, p. 

949 , 


ports for 1940. Of these three years, 1940 
was the most nearly normal. The influ¬ 
ence of war activities on the amount of tar 
produced, burned, and refined is apparent 
in the figures for 1941 and 1942. The table 
does not include the distribution of the tar 
from the sources mentioned above other 
than byproduct coke ovens, i.e., vertical re¬ 
torts, horizontal retorts, sole-flue ovens, ro¬ 
tary retorts, and gas ovens. However, it 
may be assumed that the quantity of tar 
from these sources was about the same in 
1940 and 1941 as it was in 1942, for which 
production figures were given above, and it 
may also be assumed that substantially all 
the tar from these sources was refined. 
Little or none of it was burned. 

Figure 9 illustrates how the products of 
coal carbonized in byproduct coke ovens in 
the United States in 1940 wore distributed. 
The major industries which employ prod¬ 
ucts of coal carbonization and some of the 
products which they use are indicated. 

Tar Recovery at Coke Plants 

In the byproduct-recovery system of a 
modern coal-carbonization plant, coal tar 
is removed first from the gas by combined 
atmospheric and direct or indirect water 
cooling, and light oil is removed last l)y 
scrubbing the gas with high-boiling petro¬ 
leum or creosote solvents. In other words, 
the coal tar is removed from the gas im¬ 
mediately after it leaves the coke ovens, 
whereas light oil is recovered just before 
the gas enters the holder. Between these 
two points it is customary to remove am¬ 
monia from the gas as ammonium sulfate 
by bubbling the gas through sulfuric acid. 
Also, between the points of tar recovery 
and light-oil removal, phenols, pyridine 
bases, and naphthalene may be recovered 
by suitable methods if desired. The order 
in which these processes are or may be car¬ 
ried out is illustrated by Fig. 10. 



TABLE XIV 


Production and Distribution of Byproduct Coke-Oven Coal Tar in the United States* 



1940 


1041 


1042 


Production 

1. Coke-oven tar produced at coke plants 

2. Coke-oven tar produced at gasworks 

Gallons 

627,585,932 

45,700,585 

Percent 

93,2 

6.8 

Gallons 

658,263.692 

45,885,776 

Percent 

04.9 

5.1 

Gallons 

Percent 

3 Total coke-oven tar produced 

673,286,517 

100.0 

704,149,468 

100.0 

740,178,619 

100.0 

Uses—^individual 

4. Sold for refining 

311,048,511 

45.8 

377,790.619 

62.7 

443,007,606 

60.1 

5. Refined at coke plants 

151,545,371 

22.3 

184,197,206 

25.7 

104,602,227 

26.4 

6 Sold for fuel to others 

38,560.942 

5.7 

14.545,466 

2.0 

2,104,246 

0.3 

7 Sold for fuel to associates 

1,081,657 

0.2 

203,808 

0.03 

305,460 

0.05 

8 Used by producer for fuel under boilers 

3.215,363 

0.5 

3,225,550 

0.4 

1,177,045 

0.15 

9 Used by producer for fuel in open 

hearths 

172,738,403 

25.4 

136,090,580 

19.0 

04,387,192 

12.8 

10. Used by producer for fuel otherwise 

1,408.990 

0.2 

1,401,067 

0.2 

1,670,873 

0.2 

11. Total coke-oven tar used 

679,599,237 

100.0 

717,454,196 

100.0 

737,526.528 

100.0 

12. Gallons to or from stock 

-6,312,720 


-13,304,728 


+2,660,001 


Uses, total 

4 -f 5 Total refined 

462,593,882 

68.1 

661,987,725 

78.4 

637,690,825 

86.6 

0-j-74.8+9+lO Total used for fuel 

217,005,355 

31.9 

155,466,471 

21.6 

90.825,705 

13.4 

4+6+7 Total sold 

350,691,110 

51.6 

302,539,793 

54.7 

446,507,291 

60.6 

5 4. 8 -f. 9 -f- 10 Total used by pro- 

ducer 

328,908,127 

48.4 

324,914,403 

45.3 

291.928.237 

30.4 


♦ Sources of data : U. S. Bur. Mines, Minerals Yearbook, 19^0, p. 908; Mutithly Coke Kept. 109 
(1942), suppl. p. 4, 181 (1048), suppl. p. 5. U. S. Tariff CommisBlon, Kept. 148* 2nd series P6. 



Pio. 9. Distribution of products resulting from the carbonization of coal In byproduct ovens in the 
United States in 1940. (Based on Minerals Yearbook, 1940, and U. S. Tariff Commission, Bynthetio 
Organic Chemicals, 1940,) 


1315 








1316 


THE CHEMICAL NATURE OF COAL TAR 



Fig. 10. Condensing and collecting system of a modern byproduct c(»ke plant. 


In Spite of the fact that the points at 
which the tar and light oil are removed 
from the gas are widely separated and that 
one or more treatments of the gas may in¬ 
tervene, there is considerable overlapping 
of the constituents of coal tar, light oil, 
and gas. Coal tar usually contains small 
amounts of many or all of those substances 
of which light oil is principally composed; 
light oil contains small amounts of many 
compounds that are found principally in 
coal tar and also substances that are pres¬ 
ent in greater concentrations in the coal 
gas; coal gas in turn contains some of the 
constituents of light oil and even traces of 
some of the constituents of coal tar as 
well. 

The table at the end of this chapter lists 
348 chemical comi^ounds which, according 
to the authorities cited in the literature 
references, have been identified thus far in 
tar, light oil, and gas produced by coal car¬ 
bonization. They are arranged in order of 
their boiling points, from hydrogen, with a 
boiling point of —252.5® C, to picene, whose 


boiling point is 519® C. (Ammonium chlo¬ 
ride sublimes at 520.0® C.) In Chapter 28, 
Glowacki has listed 112 constituents of light 
oil, the highest boiling of which, with the 
exception of sulfur, is 3,4-dimcthyl phenol, 
boiling point 225® C, and the lowest boiling 
is hydrogen sulfide, boiling point — 61.8®C. 
Assuming the lowest-boiling constituent of 
coal tar to be benzene, boiling point 
80.09° C, and the highest-boiling constitu¬ 
ent of gas to be naphthalene, the overlap¬ 
ping compositions of gas, light oil, and tar 
may be as shown graphically at the toj) of 
the next page. The individual compounds 
in each range may be detennined from the 
table at the end of the chapter. 

It is obvious that the byproduct equip¬ 
ment of the coal-carbonization plant does 
not effectively fractionate the vapors from 
the ovens. Rather than fractionation, the 
recovery process is one of fractional con¬ 
densation to obtain tar, light oil, and gas. 
Refractionation of any one of these mate¬ 
rials will yield products rightfully belong¬ 
ing to the other two. 
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Hydrogen Naphthalene 

- 262.6" C ■♦•218“C 





Even the recovery of the coal tar itself Table XV, which gives the analyses of tar 

as ordinarily carried out at byproduct coke samples taken from the hydraulic and suc- 

plants is a process of fractional condensa- tion mains, the primary coolers, and the 
tion. The fractional condensers are the hy- electrical precipitators of a typical byprod- 
draulic and suction mains (A), the primary uct coke plant. The analysis of the mixed 

coolers (B), and the tar extractors or elec- tar (D) is also included. By calculation, 

trical precipitators (C). This is shown by the percentage of tar recovered from each 


TABLE XV 


Analyses of Tar Samples 

FROM Different Parts of the Tar-Collecting System of a 
Typical Byproduct Coke Plant 

Source of Tar Sample 


A 

B 

C 

D 


Hydraulic and 

Primary 

Electrical 

Mixed Tar 


Suction Mains 

Coolers 

Precipitators 

Storage 

Specific gravity at 15.5/15.5® 

C 1.216 

1.152 

1.135 

1.195 

Specific viscosity, Eiigler, 50 

ml at 




40® C 

81.0 

2.6 

2.0 

15.5 

Benzene-insoluble material, 

weight 




percent 

7.8 

3.8 

2.6 

7.1 

Distillation, weight percent 





to 170° C 

0.3 

0.5 

2.1 

0.9 

200® C 

0.5 

2.5 

6.6 

1.3 

210® C 

1.0 

6.5 

15.0 

2.3 

235® C 

3.7 

22.3 

30.0 

10.8 

270° C 

9.0 

33.2 

37.6 

19.5 

300° C 

14.2 

37.5 

41.7 

24.1 

315® C 

16.7 

39.6 

44.2 

26.0 

335® C 

20.9 

42.5 

46.6 

29.8 

355® C 

27.3 

47.3 

51.0 

36.8 

Residue 

72.3 

52.4 

48.5 

62.8 

Softening point of distillation residue 




(cube-in-air), ®C 

71.6 

78.6 

77.0 

74.3 

Tar acids, volume percent 

1.61 

2.5 

2.0 

1.25 

Naphthalene, weight percent 

7.0 

26.0 

28.0 

13.0 

Percent of total tar (calculated) 70.0 

21.0 

9.0 

100.0 
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source in this particular plant is found to 


be as follows: 

Percent by 


Volume 

A. Hydraulic and suction mains 

70 

B. Primary coolers 

21 

C. Electrical precipitators 

9 

D. Total 

100 


By plotting the distillation results for A, 
B, and C as shown in Fig. 11, it becomes 
apparent that tar B contains tar of the 
same composition as tar A mixed with an 
oil distilling below 270® C, and the same is 
true of tar C. 

The proportions and compositions of the 
oils which are mixed with tar A in tar B 
and in tar C, as determined by calculation, 
are given in Table XVI. The calculated 
analyses of the two oils are plotted as 
curves in Fig. 11, and curves also show how 
the calculated analyses for tar B and tar C 
compare with their analyses as determined 
by distillation. The calculated curve for 
tar B was obtained by adding distillation 


values for oil B to the distillation values 
for tar A in the proportion of 27 percent 
oil B to 73 percent tar A. Similarly, the 
calculated curve for tar C was obtained 
using 32 percent oil C and 68 percent tar A. 

The proportions and compositions of the 
various tars covered by Tables XV and 
XVI are not necessarily the same as those 
from the same points in the tar-collecting 
system at some other byproduct coke plant 
or even from the same points at the same 
plant at some other time. The proportions 
of tars A, B, and C that go to make up the 
total mixed tar at a given coke plant and 
the composition of each may vary consid¬ 
erably, depending upon atmospheric tem¬ 
peratures, amount and kind of flushing used 
in the hydraulic main, and the extent to 
which the gas is cooled in the hydraulic 
main, primary coolers, and tar extractors 
or electrical precipitators. However, in 
general, the way and extent to which frac¬ 
tional condensation occurred in the byprod¬ 
uct coke plant discussed above is typical. 


TABLE XVI 


Composition of Tar A from the Hydraulic Mains as Determined and of Tars B and C 
FROM THE Primary Coolers and Electrical Precipitators, Respectively, as Determined 
AND AS Calculated by Assuming Them To Be Mixtures of Tar A and of Hypothetical 

Oils B and C 



A 

B 

Calculated • 

Determined 

C 

1 

Calculated t 

Determined 

Distillate, 








weight percent 








to 170° C 

0.3 

0.8 

0.4 

0.5 

6.3 

2.2 

2.1 

200“ C 

0.6 

8.3 

2.6 

2.5 

21.3 

7.2 

6.6 

210° C 

1.0 

22.7 

6.9 

6.5 

49.0 

16.3 

16.0 

236° C 

3.7 

76.9 

23.5 

22.3 

92.0 

31.9 

30.0 

270° C 

9.0 

100.0 

33.6 

33.2 

100.0 

38.1 

37.6 

800° C 

14.2 


37.4 

37.5 


41.7 

41.7 

315° C 

16.7 


39.2 

39.6 


43.4 

44.2 

386° C 

20.9 


42.3 

42.5 


46.2 

46.6 

386° C 

27.3 


46.9 

47.3 


50.6 

51.0 

Beeidue 

72.3 


52.8 

52.4 


49.2 

48.5 

* 78 ptreent tar 

A 4- 27 

percent oil B. t 68 percent tar A + 82 percent oU C. 




0 10 20 30 40 50 60 70 80 90 100 

Distillate, Percent by Weight 

Pkj. 11. Distillation curves determined for tar A (hydraulic and suction mains) ; tar B (primary 
coolers) ; and tar C (electrical precipitators) ; also distillation curves calculated for oil components 
of tar B and tar C and the distillation curves calculated for mixtures of tar A with oils B and C to 


duplicate the curves determined for tars B and C, 

The fact that tar of the same composi¬ 
tion as that condensed in the hydraulic and 
collecting mains is a principal constituent 
of the primary cooler tar and of the tar ex¬ 
tractor or precipitator tar as well confirms 
the statement made by Wagner that “gas 
produced during the carbonization of coal 
is a mixture of fixed gases, vapors of vari- 

37 Wagner, F, H., Coal Oas Residuals, McGraw* 
Hill Book Co., New York, 2nd ed., 1918, pp. 1-2. 


ous kinds, and, at times, also globules of 
liquids which are held in suspension, and 
are thus carried forward by the gas; these 
gases and vapors also carry forward some 
solid carbon in the shape of dust.” 

It appears evident that the products 
leaving a byproduct coke oven are tar or 
pitch globules suspended in the gas as a 
tar fog, vapors of condensable materials, 
noncondensable gases, and solid particles 
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such as coke dust, coni dust, and lamp- the gas does not drop below the point at 


black. The solid particles and a large part 
of the tar globules or fog drop out of the 
gas in the hydraulic and suction mains ow¬ 
ing to the scrubbing and cooling action of 
recirculated tar or ammonia liquor. Fur¬ 
ther cooling of the gas in the primary cool¬ 
ers removes a second portion of the tar fog 
and condenses a part of the vapors. The 
remainder of the tar fog is finally removed 
in the tar extractors or electrical precipi¬ 
tators together with an additional amount 
of condensed vapors. There appears to be 
little or no difference in the composition of 
the tar globules that make up the tar fog 
at any point in the collecting system where 
they are removed. 

Tar Distillation 

The fact that some fractional condensa¬ 
tion occurs in the tar-recovery system of a 
byproduct coke plant suggests the possibil¬ 
ity of recovering commercial products such 
as pitch, road tars, and creosote directly 
from the gas instead of the mixed tar that 
is usually collected. A process of this kind, 
developed by Feld, has been described in 
several United States patents*'’” and in de¬ 
tailed reports by several authors.*'’® Wag¬ 
ner described the Feld process in part as 
follows: 

The gases coming from the benches or the 
coke ovens, as the case may be, are pro¬ 
tect'd against condensation by wholly or 
partially insulating the hydraulic main and 
pipe connections so that the temperature of 

88 Feld, W., U. S. Pats. 764,443 (1904), 792,- 
889, 806,407 (1905). 829,261, 832,466, 837,045, 
839,741 (1906), 851,349 (1907), 922,409, 927,- 
342, 940,103 (1909), 961,778, 965,147 (1910), 
983,037, 985,667, 1,011,043 (1911), 1,020,108 
(1912), 1,110,914 (1914). 

89 Feld, W., Z. angew. Chem., 25, 705-11 
(1912). Wagner, F. H., pp. 2-4. 17-32 of ref. 
37. Rasehig, F.. Z. angvw. CJirm., 83, 260-2 
(1920). Funeke, W., QluckauJ, 60, 835-40, 
868-76, 897-905 (1924). 


which tar products of low boiling point are 
sc'parated. For the removal of the other tar 
products, Feld employs his centrifugal 
washer; in these washers progressive cooling, 
or progressive cooling combined with pro¬ 
gressive washing, is attained through a pro¬ 
gressive drop in temperature, and in this 
manner various tar products are obtained 
and separated from each other through the 
medium of the heat of the gas itself. 

Although the Feld process was tried at 
several plants in Europe between 1906 and 
1914, it did not meet with general accept¬ 
ance there and is not used in the United 
States. 

A direct recovery process tried in the 
United States but no longer in use has been 
tlescribed in numerous patents assigned to 
the Barrett Company. Some of them are 
listed in a report by Miller^® which also 
included a detailed account of the process. 

Cooke commented as follows on the 
Barrett and Feld processes in particular 
and fractional recovery processes in gen¬ 
eral : 

The Barrett processes have as their funda¬ 
mental principle the utilization of the sen¬ 
sible heat of carbonization gases for the pur¬ 
pose's of tar distillation and the direct frac¬ 
tional recovery of tar constituents from the 
crude hot gases. 

Fractional recovery of tar products is by 
no means a recent discovery, Feld having 
patented a process for condensing dry tar 
from hot gases by tar sprays in 1905. Later, 
in 1907, Feld was granted a patent covering 
the us(' of a series of scrubbers, through 
which the gases were ])assed, a suitable drop 
in temperature being produced in each scrub¬ 
ber, and the scrubbing agents being suitable 
condensates from the process. 

Burstall ** invented a process, using a series 

40 Miller, S. P., J. Franklin Inst., 215, 373-99 
(1933). 

41 Cooke, F., Oas World, 92, No. 2378, Coking 
Sect., 13-6 (1930). 

42 Feld, W., Brit. Pat. 20.262 (1905). 

43 Feld, W., Brit. Pat. 20,139 (1907). 

44 Burstall, F. W., Brit. Pat. 6,508 (1910). 
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of static or centrifugal extractors, in which 
the gas was washed by circulation of tar, 
the extractors being maintained at suitable 
temperatures for the tar fraction desired. In 
1513, Fischer^® was granted a patent cover¬ 
ing the use of hollow plate condensers of 
small cross-sectional area, the cooling medium 
being hot vapors or hot air. Means were pro¬ 
vided for reducing the cooling medium to the 
desired temperature. Davidson suggested 
intermittent distillation of tar in the hydraulic 
mains of Dessau vertical retorts and of coke 
ovens in 1914. Fractional distillation to pitch 
and oils was suggested in a paper of Purves**^ 
in 1916, the process proposing the use of oil 
sprays as condensing equipment, under suit¬ 
able temperature conditions. The use of a 
series of contiguous cooling chambers, in 
which the gas does not come into contact 
with the cooling medium, followed by a series 
of filtering treatments, was patented by Um- 
stcd.^® Chur^® described a somewhat com¬ 
plicated system of fractional condensation 
with simultaneous distilling and refluxing of 
the condensate into the hot gas stream. 

Cooke,himself, invented a process for 
the direct recovery of road tars and oils 
from coal-carbonization gases. The follow¬ 
ing description of one a])p]ication of his 
process has been taken from one of his 
patents: 

Road tar is prepared directly in and from 
the coke-oven plant by drawing it from the 
air-cooled main at a point before the gases 
reach the apparatus for extracling the tar of 
lesser density, and by maintaining the gases 
leaving the air-cooled main at a tcmp(Tature 
above the dew point of the lighter tars con¬ 
tained in the gases, such temperature prefer¬ 
ably varying between 160 and 190® Centi- 

45 Fischer, J., Brit. Pat. 2i,290 (1913). 

46 Davidson, W. B., Oas World, 00, 523-7 
(1914). 

47 Purves, G. T., J. 8nc. Chem. Jnd., 3!i, 779- 
83 (1916). 

48Uinsted, F. A., Brit. Pat. 135,931 (1918). 

49 Chur, E., Ger. Pat. 383,793 (1923). 

60 Cooke, F., Gas World, 92, No. 2378, Coking 
Sect, 13-0 (1930), 98, No. 2544, Coking Sect., 
50-6 (1933), 114, No. 2592, Coking Sect, 21-4 
(1941). 

61 Cooke, F., Brit Pat 301,645 (1927). 
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grade according to the density of road tar 
required. 

Cooke’s process is used to only a limited 
extent in England and is not employed in 
the United States. 

The practice at coal-carbonization plants 
in this country is to collect the coal tar 
from the various points of the condensing 
system, decant it continuously to remove 
most of the ammonia liquor with which it 
is mixed, and transfer it to storage tanks 
from which it is pumped or otherwise 
transported to open-hearth furnaces or 
boilers if it is to be used for fuel, or to a 
tar-refiiiing plant if it is to be distilled. 
The tar-distilling plant may be located at 
the coke plant where the tar is produced or 
at some place removed from the point of 
tar production. 

Tar-distillation procedures at coke plants 
in the United States may be grouped gen¬ 
erally according to the type of distillation 
residue made, as follows: 

1. The distillation residue is a soft pitch 
of such consistency, when hot, that it can 
be used interchangeably with petroleum 
fuel oil in the liquid-fuel-burning equip¬ 
ment of an open-hearth furnace or boiler 
installation. 

2. The residue is a medium grade of 
pitch which must be fluxed with undistilled 
tar, with tar oil, or with a suitable petro¬ 
leum residual before it can be handled by 
fuel-oil-burning equipment. 

3. The residue is hard pitch and may be 
granulated or flaked and added to coal 
charged into coke ovens where it replaces a 
part of the coal and is converted into coke. 

In almost all tar still installations at coke 
plants in the United States, continuous 
tube or pipe stills are employed. They are 
especially suitable for any given coke plant 
where a large volume of tar of uniform 
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cpmposition is to be distilled to a single 
grade of residue. 

Tube stills now in use at coke plants may 
be divided into the three following types: 
Vl. The tar under pressure is pumped, at 
high velocity, through fire-heated tubes, 
discharges into a flash box from which the 
vapors* pass to condensers or fractionating 
columns, and the pitch runs continuously 
to receiving tanks. Stills of this type have 
been discussed by several authors®- and 
are described in numerous United States 
and foreign patents. 

2. Pitch from the flash box of a tube 
still, operated in the manner described 
above, is drawn continuously into a vac¬ 
uum box in which additional vapors are 
removed. Tube stills of this type are de¬ 
scribed by Miller and by patents issued 
to MacCubbin and Zavertnik.®^ 

3. Tar is mixed with a part of the pitch 
from a tube still. The mixture of pitch 
and partially distilled tar is then circulated 
through the tube still to a flash box where 
a part of the pitch is removed, and the re¬ 
mainder, mixed with more tar, is recircu¬ 
lated through the tube still. A still of this 
type developed in England and recently in¬ 
stalled at a few coke plants in the United 
States has been discussed by several au- 

02 WoiHH, J. M., Tar Refining and Tar Prod 
uct8, American Gas Association, Now York, 1926, 
32 pp.; Chemistry d Industry, 51, 210-23, 246-50 
(1932). Miller, S. P., J. Franklin Inst,, 215, 
373-99 (1933). Eisler, O., Zaiiirzlo, Z., and 
Welnkoff, M., GlUckauf, 72, 184-8 (1930). PIill- 
lipson, G. A., Chemistry d Industry, 60, 193 
(1937). Shatwell, H. G., ibid., 50, 155-9 
(1937). Adam, W. G., and Potter, F. M., ibid., 
50, 193-4 (1937). Priifer, G., Tech. Mitt. 

Krupp, 5, 40-3 (1937). Fritz, W., Teer u. Bitu¬ 
men, 35, 107-9 (1937). Kuznetsov, M. I., and 
Belov, K. A., Coke and Chem. {U.8.S.R.), 0 . 
No. 12, 27-82 (1936) ; Chimie d industrie, 88 , 
671 (1937). Grounds, A., Oas World, 109, 77- 
80 (1938). 

68 MacCubbin, A. A., and Zavertnik, J., Brit. 
Pats. 818,897, 346,407 (1928) ; U. S. Pat. 2,029,- 
883 (1930). 


thors and in several patents to Wilton.*® 

The distillates removed from tars dis¬ 
tilled at coke plants in the United States 
are, in some cases, processed there for the 
recovery of naphthalene, tar acids, and 
creosote. In other cases the total distil¬ 
late is shipped to commercial tar-distilling 
plants for further processing. 

European practice in tar distillation at 
coke-oven plants has been discussed in de¬ 
tail by Gluud and Jacobson; ®® numerous 
literature and patent references are cited 
by these authors. 

Commercial tar-distilling plants in the 
United States employ tar stills of various 
types. Both continuous and batch stills 
are used. Continuous stills are usually em¬ 
ployed at those plants where large volumes 
of tar are to be distilled to a single grade 
or to a few different grades of residue. 
Batch stills are generally employed at 
plants where small quantities of tar are 
handled or where frequent changes in the 
grade of residue are required. 

In 1932 Weiss presented a paper which 
was ^‘intended to give a rather broad sur¬ 
vey of the development of methods for the 
distillation of coal tar with especial refer¬ 
ence to United States practice.’’ At an 
earlier date (1920), Weiss®- presented a 
report entitled ‘‘Tar Refining and Tar 
Products"' to the American Gas Associa¬ 
tion. The information contained in these 
two iiajicrs dealing with the underlying, 
fundamental facts about tar distillation in 
general, and the descriptions and discus¬ 
sions of continuous and batch methods of 

54 Anon., Gas J., 204, 773-6 (1933). Kernon, 

D. R., Gas World, 109, 184-8 (1938). Rowley, 

E. H., ibid., 11«, No. 2996, 5-6; No. 3001, 12-3 
(1912). Sockett, C., ibid., 110, No. 3013, Coking 
S<‘Ct.. 6 9 (1942). 

65 Wilton, T. O., Brit. Pats. 887,681 (1929), 
424,645 (1935) ; U. S. Pats. 2,260,071-2, 2,266,- 
698 (1941), 2,292,256 (1942). 

66 See pp. 770-808 of ref. 7. 



COAL-TAR CRUDES 


1323 


tar distillation employed in the United 
States at the times when the reports were 
written, are sufficiently complete that they 
need not be repeated here. Since 1932 such 
changes as have been made in distillation 
practices have had to do mainly with im¬ 
provements in the design and operation of 
tube stills, some of which have been dis¬ 
cussed above; the substitution of tube stills 
for direct recovery stills at coke plants; 
and the increased distillation of coal-tar 
pitch to coke in byproduct coke ovens ac¬ 
cording to a process developed by the Kop- 
pers Company in which molten, high- 
melting-point coal-tar pitch is introduced 
gradually into byproduct coke ovens where 
it is distilled, carbonized, and devolatilized, 
after which it is pushed in the same man¬ 
ner as coke made in byproduct ovens from 
coal. 

The two articles by Weiss, mentioned 
above, reviewed some of the tar-disiillation 
methods employed in other countries, but 
more detailed discussions of recent Euro¬ 
pean practices are also available.®® Earlier 
reviews have been presented in several 
books.®® 

Coal-Tar Crudes 

(commercial products from coal tar are 
of two types, namely, crudes or bulk com¬ 
modities and chemicals. 

57 Rhodes, B. 0., Volkmann, B. W., and Fitz¬ 
patrick, J. C., U. S. Pats. 1,942,978-80 (1934). 

ris Rerper, Asphalt Teerind. Ztg., 26, 638—40 
(1926). Sladkov, M., J. Chem. Ind. (t/.flf.S.R.), 
4, 964-74 (1927). Weiee, E., Montan. Rund¬ 
schau, 22, 249-59 (1930) ; Petroleum Z., 26, 
499-504 (1930) ; Asphalt u. Teer, 80, 1147-9, 
1169-70, 1232-5, 1287-92, 1312-5 (1930). 

59 Lunge, G., Coal Tar and Ammonia, D. Van 
Nostrand Co., New York, 5th ed., 1916, 8 vols. 
Malatesta, G., Coal Tars and Their Derivatives, 
E. & F. N. Spon, London, rev. ed., 1920, 530 pp. 
WarneB, A. R., Coal Tar Distillation and Work- 
Ing-Up of Tar Products, Ernest Benn, London, 
3rd ed., 1923, 611 pp. Spilker, A., Kokerei und 
Teerprodukte dcr Steinkohle, Wilhelm Knapp, 
Halle, 5th ed., 1933, 198 pp. 


The principal crudes or bulk commodi¬ 
ties made from coal tar in the United 
States, and in other countries as well, are 
wood-preserving oils, road tars, industrial 
pitches, and pitch coke. Wood-preserving 
oils are distillates, and road tar, industrial 
pitches, and pitch coke are residuals result¬ 
ing from the distillation of coal tar. 

The principal chemicals produced from 
coal tar are naphthalene, the tar acids, and 
the tar bases. Naphthalene is obtained 
from tar oils by crystallization, tar acids 
by extraction of tar oils with caustic soda, 
and tar bases by extraction of tar oils with 
sulfuric acid. 

The latest year for which the U. S. Tar¬ 
iff Commission has reported statistics for 
products made from coal tar is 1940. The 
quantities of products made, converted to 
gallons, and the percentages of the total that 
these quantities represent are as follows: 



Percentage 
OP Tar 

Gallons 

Road tars 

28.1 

150,523,083 

Pitch 

26.4 

141,416,400 

Creosote 

22.3 

119,678,785 

Other distillate* 

9.4 

50,631,609 

Crude and refined tars 6.6 

29,933,152 

Pitch coke 

3.4 

18,181,200 

Naphthalene 

3.5 

18,780,882 

Tar acids 

1.3 

6,887,837 


The above figures are not strictly correct 
for coal tar because the road tars include 
products other than coal tar since road 
tars may contain fluxes and may be made 
wholly or in part from water-gas tar. How¬ 
ever, with this reservation the statistics do 
give an indication of the relative propor¬ 
tions in which the products were made. 

Inspection of these figures shows that the 
chemicals, consisting of naphthalene and 
tar acids, produced in 1940 accounted for 
only 4.8 percent of the total tar distilled. 
Productions of tar bases and other chemi- 
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cals were so small that they were not even 
included in government statistics. Creo¬ 
sote and other distillates, road tars, pitch, 
crude and refined tars, and pitch coke ac¬ 
counted for 95.2 percent of the total tar 
that was refined. 

In the following section of this chapter it 
is pointed out that coal tar contains rela¬ 
tively few chemical compounds in sufficient 
concentrations to make their commercial 
recovery profitable, at least by present 
methods of recovery and for present mar¬ 
kets. Because they comprise altogether 
only 15 to 25 percent of the total tar, the 
I)rincipal products of coal tar, at least from 
a volume standpoint, will continue to be 
crudes or bulk commodities like those listed 
above. 


Figure 12 is intended to show the way in 
which the bulk commodities are produced 
from a typical byproduct coke-oven tar. 
The curve connecting zero percent distil¬ 
late with 30 percent residue represents the 
level of the pitch in a tar still as distilla¬ 
tion proceeds from the original tar, with no 
distillate removed, to pitch coke with 70 
percent distillate removed. The curve was 
drawn by plotting the percent distillate re¬ 
moved for a typical tar against the con¬ 
sistency of the distOlation residue, as de¬ 
termined by floaty test, or softening point. 
The entire area below the curve repre¬ 
sents residues such as road tars, pitches, 
and pitch coke; the area above the curve 
represents distillates, the usual distillate 
fractions being represented by the areas 
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Fiti. 12. Production of distillates and residues from a typical byproduct coke-oven tar. 
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between the parallel, horizontal, broken 
lines. The light-oil fraction, if recovered 
separately, would ordinarily be added to 
coke-oven light oil. Distillate in the area 
marked tar acid and naphthalene oil is the 
source of those chemicals and also tar bases 
when they are recovered. The intermedi¬ 
ate oil contains small quantities of methyl 
naphthalenes, acenaphthene, and fluorene; 
and from the distillate in the area marked 
anthracene oil may be recovered anthra¬ 
cene, phenanthrene, and carbazole. The 
area between the two curves in the dia¬ 
grams shows the amount of creosote of 
standard grade obtainable from the tar at 
each different consistency of the distillation 
residue. 

Specifications and methods of test for 
several of the bulk commodities have been 
standardized by various national organiza¬ 
tions; creosote by the American Wood Pre¬ 
servers Association, American Railway En¬ 
gineering Association, and American Society 
for Testing Materials; road tars by the 
American Association of State Highway Of¬ 
ficials and the American Society for Testing 
Materials; and roofing pitch by the Amer¬ 
ican Society for Testing Materials. The 
proceedings of these various societies are 
replete with articles dealing with the mate¬ 
rials which their specifications cover, (icn- 
eral discussions of the properties and uses of 
hulk commodities from coal tar were given 
by Weiss in 1926 and by Ramsburg.®° 

Coal-Tar Chemicals 
With 

John O’Brochta and Susan E. 

Wooldridge 

In the early days of coal carbonization, 
only coal tar was recovered from the gas. 
In 1845, Hofmann proved the existence 

60 Ranishurg, C. .T., Trarnt. Am. Inst. Mining 
Met. Engrs., 149, 242-53 (1942). 

61 Hofmann, A. W., Ann., 55, 200-5 (1845). 


of benzene in the light oil derived from 
coal tar. It was this discovery which first 
established coal tar as a chemical raw ma¬ 
terial and laid the foundation for the so- 
called coal-tar chemical industry that was 
to follow. It was not until after 1876 that 
benzene was discovered in coal gas and the 
recovery of light oil as a source of benzene 
was started. Although light oil subse¬ 
quently replaced coal tar as the principal 
source of benzene, coal tar continued to re¬ 
ceive the credit for being the source, not 
only of benzene but of other light-oil con¬ 
stituents such as toluen e and xylene and all 
the organic compounds derived from these 
components of light oil. Today perhaps 60 
percent of all so-called coal-tar synthetic 
organic chemicals are derived from ben¬ 
zene, toluene, and xylene, and, although 
these parent substances come almost en¬ 
tirely from the light oil and not from coal 
tar, they are regularly classified as coal-tar 
chemicals. A better term would seem to 
be ^9ight-oil chemicals.’^ 

True, coal-tar chemicals, at least from a 
commercial standpoint, are those whose 
parent substances occur principally in coal 
tar rather than light oil or coal gas. Al¬ 
though, as the table at the end of this 
chapter shows, hundreds of compounds 
have been identified in coal tar and un¬ 
doubtedly many more will be identified es¬ 
pecially in the higher-boiling fractions that 
have received comparatively little study to 
date, actually only a few are present in 
sufficient quantities to make their commer¬ 
cial recovery feasible, and still less are 
present in amounts sufficient to make their 
commercial recovery profitable. 

Table XVII lists the constituents of 
coke-oven tar as determined by Weiss and 
Downs in 1923. The authors commented 
on this table as follows: “The amounts 

62 Weiss, J. M., and Downs, C. B., Ind. Eng, 
Chem., 15, 1022-3 (1923). 
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TABLE XVII 


Constituents of Tar®^ 

Percent by 

Weight on 

Dry Tar 

Light oil: 

Crude benzene and toluene 

0.3 

Coumarone, indene, etc. 

0.6 

Xylenes, cumenes, and isomers 

1.1 

Middle and heavy oils: 

Naphthalene 

10.9 

Unidentified oils in range of 
naphthalene and methylnaph- 
thalenes 

1.7 

cx-Monomethylnaphthalene 

1.0 

iS-Monomethylnaphthalene 

1.5 

Dimethylnaphthalenes 

3.4 

Acenaphthene 

1.4 

Unidentified oil in range of 
acenaphthene 

1.0 

Fluorene 

1.6 

Unidentified oil in range of fluo¬ 
rene 

1.2 

Anthracene oil: 

Phenanthrene 

4.0 

Anthracene 

1.1 

Carbazole and kindred nonbasic 
nitrogen-containing bodies 

2.3 

Unidentified oils, anthracene 
range 

5.4 

Phenol 

0.7 

Phenol homologs (largely cresols 
and xylenols) 

1.5 

Tar bases (mostly pyridine, pico- 
lines, lutidines, quinolines, 
and acridine) 

2.3 

Yellow solids of pitch oils 

0.6 

Pitch greases 

6.4 

Resinous bodies 

5.3 

Pitch (460® F melting point) 

44.7 


Total 100.0 

given should not be taken as commercially 
recoverable, as it would not ordinarily be 
practicable to refine oils to the extent nec¬ 
essary to obtain all of any given constitu¬ 
ent.” They also stated that “the most no¬ 
table feature of the results is the compara¬ 


tively few compounds existing in the tar 
in appreciable amount, probably not over 
one-quarter of those popularly supposed to 
be there.” 

Table XVII shows to what a small extent 
light-oil constituents are present in coal 
tar. By comparison with light oil itself, 
their concentrations are negligible. The 
true coal-tar constituents which were sepa¬ 
rated in sufficient amount to report indi¬ 
vidually in Table XVII are the following: 


Naphthalene 

Percent 

10.9 

a-Monomethylnaphthalene 

1.0 

/8-Monomethylnaphthalene 

1.5 

Acenaphthene 

1.4 

Fluorene 

1.6 

Phenanthrene 

4.0 

Anthracene 

1.1 

Carbazol and kindred nonbasic nitro¬ 
gen-containing bodies 

2.3 

Phenol 

0.7 

Phenol homologs (largely cresols and 
xylenols) 

1.5 

Tar bases (mostly pyridine, picolines, 
lutidines, quinolines, and acridine) 

2.3 

Total 

28.3 


Even in the above table some mixtures 
rather than individual compounds are given 
(carbazol and tar bases), and as explained 
by the authors the quantities reported 
“should not be taken as commercially re¬ 
coverable.” For comparative purposes the 
analyses of two typical coke-oven tars are 
presented in Table XVIII. The tars were 
produced in the United States in typical 
byproduct coke-oven installations. The 
analyses were made by one of the principal 
tar-distilling companies in Germany in 1928 
or 1929. The quantities reported were 
said to be commercially recoverable. It 
will be noted that including all chemical 
constituents the totals for these two tars 
were 16.5 and 18.7 percent, respectively. 
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TABLE XVIII 

Analyses op Two Typical Coke-Oven Tars 

Tar 1 Tar 2 
0.293 0.079 

0.129 . 

1.667 0.726 

0.047 0.071 

0.043 0.053 

0.861 0.469 

1,822 0.735 

0.128 0.050 

0.083 0.051 

4.801 8.273 

0.142 0,300 

0.247 0.236 

1.129 1.510 

0.902 0.847 

2.900 3.388 

0.705 1.157 

0.623 0.706 


16.522 18.651 
2.179 0.929 


14.343 17.722 

Without including the light-oil constituents 
they were 14.3 and 17.7 percent. Truly, as 
Weiss and Downs pointed out, “The most 
notable feature of the results is the com- 
I)aratively few compounds existing in the 
tar in appreciable amount • • • .” 

Of the tar compounds listed in Table 
XVIII, those of greatest commercial im¬ 
portance at this time are naphthalene and 
the phenols (phenol, cresols, and xylenols). 
The light-oil constituents, though impor¬ 
tant, are obtained principally from light oil 
rather than tar. Also, pyridine, though im¬ 
portant, comes principally from tar bases 
recovered from the gas by contact with sul¬ 
furic acid and to a minor extent from coal 
tar. Anthracene, formerly important as the 
source of anthraquinone derivatives, has 
now been largely supplanted by naphtha¬ 
lene, which, through conversion to phthalic 
anhydride, is a suitable source of the com¬ 


pounds formerly derived from anthracene. 
Several general reviews of coal-tar chemi¬ 
cals have been published and are listed in 
the bibliography included in the final sec¬ 
tion of this chapter. 

In order better to explain how the repu¬ 
tation of coal tar as a chemical raw mate¬ 
rial was established and to indicate its pres¬ 
ent and possible future position, some of the 
more interesting and important facts con¬ 
cerning its principal chemical compounds 
are reviewed in the following pages. 

BENZENE 

Benzene is included in this review be¬ 
cause of its importance to the development 
of the coal-tar industry. The discovery of 
benzene or bicarburet of hydrogen, as he 
called it, was announced by Faraday on 
June 16, 1825. He obtained it from the 
liquid deposited, under pressure, from illu¬ 
minating gas made by dropping whale or 
cod oil into a furnace maintained at a red 
heat. He suspected that this bicarburet of 
hydrogen was present in coal tar but was 
unable to obtain it from that source. In 
1834, Mitscherlich obtained bicarburet of 
hydrogen by distilling benzoic acid with 
lime and jiroposed to give it the name ben- 
zin because of its relation to benzoic acid, 
which in turn derived its name from its 
original source, gum benzoin. Liebig ob¬ 
jected to (he name benzin and proposed 
that it be called benzole. The pure com¬ 
pound is now called benzene, and the name 
benzol is given to marketable products, 
prepared to trade specifications and con¬ 
taining high concentrations of benzene. 
The nomenclature of light-oil products has 
been discussed by Glowacki in Chapter 28. 

68 Faraday, M., Phil. Trans., 115, 440-66 
(1826). 

64 MauRflold, C. B., J. Chem. Boc., 1, 244-68 
(1849). Popp, W. J., J. Boc. Ohem. Ind., Jubilee 
No., 50, 254-61 (1031). 


Benzene 

Toluene 

Solvent naphtha 
Cumarone resin 
Benzoic acid 
Phenol 
Cresols 
Pyridine 

High-boiling bases 

Naphthalene 

/3-Methylnaphthalcne 

(Quinoline (technical) 

Acenaphthene 

Fluorene 

Phenanthrene 

Anthracene 

Carbazole 


Light-oil constituents 
True coal-tar constituents 
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The commercial recovery of benzene, or 
''benzole” as he called it, was developed by 
Mansfield and was described by him in 
1849.®* In his report to the Chemical So¬ 
ciety of London he commented as follows 
on the usefulness of this substance; 

It is possible • • • that this substance, either 
alone or mixed with the volatile fluids, may 
yet aspire to become, if not to receive, the 
“popularis aura.” • • • The promises which 
benzole makes of utility are sufficiently nu¬ 
merous to encourage a belief that it may 
form a special object of manufacture and 
commerce. It may be procured to any ex¬ 
tent from coal tar or from the light naphtha, 
in which it has hitherto been “wasting its 
sweetness on the desert air.” If absolute 
purity be not required, it may be prepared, 
with very little expense and trouble, either 
in the laboratory, or, on the large scale, in 
vast quantities, and by a farther slight out¬ 
lay of time, any required degree of purity 
may be ensured in the product. 

To what extent benzene became or re¬ 
ceived the “popularis aura” as predicted 
by Mansfield may now be judged by the 
fact that a large proportion of all the in¬ 
termediates for coal-tar dyes and synthetic 
organic chemicals comes directly or indi¬ 
rectly from this one chemical. It was 
Perkin’s discovery of mauve in 1856 that 
founded the coal-tar-dye industry of to¬ 
day. In attempting to make quinine from 
aniline he obtained, instead of quinine, a 
black product. “This was purified and 
dried, and when digested with spirits of 
wine gave the mauve dye.”®® 

Perkin was persuaded by his friends to 
manufacture mauve commercially, but 

in starting this manufacture, the first diffi¬ 
culty was to decide upon the source from 
which aniline could be obtained at a suffi¬ 
ciently low price. It was at once evident 
that indigo was by far too costly a product 
for this purpose. Attention was then di- 

on porkln, W. 11., J. Roy. Soc. Arts, 17, 99- 
105, 109-15, 121-6 (1868-9). 


rected to the extraction of aniline from coal 
tar, but after very numerous experiments it 
was found that the difficulty of purifying it 
was too great, that it was not practical to 
prepare it at a reasonable price from this 
product. There was therefore but one source 
left, namely, nitrobenzol. 

Nitrobenzol had been discovered in 1834 
by Mitscherlich, having been made by him 
from benzoic acid. Nitrobenzol, in turn, 
had been converted into aniline by Be- 
champ, using a mixture of finely divided 
iron and acetic acid for -the purpose. So 
Perkin, starting with benzene, derived from 
coal tar as pointed out by Hofmann and 
developed by Mansfield, made nitroben¬ 
zene according to a commercial method 
which he developed himself, involving the 
use of nitric acid; converted the nitroben¬ 
zene into aniline by Bechamp’s method; 
produced aniline sulfate with sulfuric acid 
and by reacting the aniline sulfjvte with po¬ 
tassium bichromate obtained the “sooty- 
black powder” which he digested first with 
coal-tar naphtha to remove a “resinous 
substance” and then extracted with “meth¬ 
ylated spirits of wine” to obtain a solution 
which “when distilled left the mauve as a 
fusible bronze-coloured mass.”®® 

This commercial venture of Perkin’s con¬ 
verted coal tar “from a nuisance into a 
commercial article in great demand at good 
prices. Although only about 1 percent of 
the tar is obtained as benzol, this article at 
first yielded so much profit that the other 
products of tar distilling could be sold at 
low rates, and new markets could be opened 
out for them.” ®® Today, as will be shown 
later, “the other products of tar distilling” 
have increased in importance, and benzol is 
derived principally from the light oil ex¬ 
tracted from coal gas, having been discov¬ 
ered therein some time later than its dis¬ 
covery in coal tar by Hofmann, in 1845. 

66 Lunge, G., Vol. I, pp. 20-1, of ref. 59. 
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Between 1876 and 1883 papers by Berthe-. 
lot, Bunsen, and Fischer referred to the 
presence of benzene in coal gas, but the 
exact date of its discovery therein is not 
known.®^ Had it not been for the presence 
of benzene in coal gas the development of 
many of our present-day commercial prod¬ 
ucts from benzene would not have been 
possible, for the quantity of benzene ob¬ 
tainable from coal tar alone would have 
been entirely inadequate. Today a very 
small proportion of all the benzene used 
comes from this source. 

NAPHTHALENE 



Naphthalune 


Although it was benzene which first es¬ 
tablished coal tar as a chemical raw mate¬ 
rial, benzene was not the first chemical sub¬ 
stance discovered in coal tar, and no longer 
is it the most important chemical sub¬ 
stance obtainable therefrom. Today, naph¬ 
thalene, whose presence in coal tar was 
noted by Garden®® and by Brande®® in 
1819, and studied and named ^^naphtha¬ 
line” by Kidd in 1821, holds first place. 

The chemical composition of naphthalene 
was determined by Faraday in 1826. He 
prepared from it a- and ^-sulfonic acids 
and “contributed further particulars con¬ 
cerning the behavior of this hydrocar¬ 
bon.” “Ten years after its discovery, it 

67 Berthelot, P. B. M., Compt. rend., 82» 871-6 
(1876). Fischer, Ferd., Dinglera Polytech. J., 
249, 178-82 (1883). Hoffert, W. H., and Clax- 
ton, G., Motor Benzole, Its Production and Uee, 
National Benzole Assoc., London, 2nd ed., 1938, 
p. 3. 

68 Garden, A., Ann. Phil., 15, 74-5 (1820). 

60 Brande, W. T., Quart. J. Bci., Lit., Arte, 8, 

287-90 (1820). 

70 Kidd, J., Phil. Trane., Ill, 209-21 (1821). 

71 Faraday, M., Phil. Trane., 116, 140-02 
(1826) ; Pogg. Ann., 7, 104-12 (1826). 


was Still a matter of speculation whether 
naphthalene existed in coal tar, or was a 
product of its decomposition, till Laurent 
decided the question.” Thus wrote Mans¬ 
field ®* in 1849 and, to quote him further, 
“it may be useful to state that this inter¬ 
esting substance may be procured in enor¬ 
mous quantities at many of the tar works, 
where it is deposited, mixed with para- 
naphthaline (anthracene), by the oils dis¬ 
tilled from the tar, in granular crystalline 
masses, called ‘salts’ by the workmen. It is 
there thrown away as useless, or, at best, 
burned for lampblack; and yet it is hon¬ 
oured in our chemical catalogues with a 
price of four or five shillings per ounce.” 
Contrast the above with the production of 
160,000,000 pounds of crude naphthalene 
in the United States in 1940 (Fig. 13). 
The value per pound was two cents or one- 
thousandth the price quoted ninety-one 
years before. 

This enormous increase in the manufac¬ 
ture and use of naphthalene started in a 
very small way, with two coloring matters; 
one, for dyeing black on wool, was discov¬ 
ered by Roussin in 1861 and the other, 
called “Manchester yellow,” was developed 
by Martius."^® 

Naphthalene had for many years been a 
nuisance in the gas industry. It was pro¬ 
duced in immense quantities and had been 
thrown away. During the early history of 
the coal-tar colors, innumerable experi¬ 
ments were made with derivatives of naph¬ 
thalene to produce coloring matters, but no 
results of any value were obtained; the ex¬ 
periments were mostly made with naphthyl- 
amine. In 1863 Perkin patented the first 
definite compound of the azo class shown 
to possess dyeing powers, namely amido- 

72 Laurent, A., Ann., 8, 9-11 (1832). 

73 Perkin, W. H., J. Chem. 8oc., 68, 596-637 
(1896). 
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Fio. 13. Naphthalene production In the United States, in millions of pounds, from 1918 to 1940. 
(Based on data from publications of U. S. Tariff Commission.) 


azonaphthalene.'^* This substance, how¬ 
ever, was demonstrated to be of no prac¬ 
tical value as a dye but has since been 
found of use in the preparation of the 
Magdala red which was discovered in 1867 
by Schiendl."^® 

A principal development of the coal-tar 
colors has been in connection with diazo 
reactions, in which )3-naphthol is used ex¬ 
tensively. One dye, which commanded 
great success, was known as Meister’s scar¬ 
let and was produced by the action of di¬ 
azoxylene chloride on the disulfonic acid of 
^-naphthol. Substituted naphthalene de¬ 
rivatives of primary importance to dye 
manufacture are mainly the naphthols and 
amines and their sulfonic acids. 

In 1868, owing to an increasing demand 

74 Perkin, W. H., J. 8oo. Ohem. Ind., 4 , 427- 
38 (1886). 


for benzoic acid, experiments had been made 
with the view of obtaining it from naphtha¬ 
lene instead of gum benzoin. Phthalic acid 
was first made from naphthalene and was 
then heated with lime, producing the cal¬ 
cium benzoate.®^ 

Phihalic anhydride is largely employed 
as an intermediate for many of the most 
important dyestuffs. These include princi¬ 
pally those derived from anthraquinones 
and phthaleins. The anthraquinones arc 
the most important and are widely used 
for the manufacture of anthraquinone vat 
dyes and a number of alizarin dyes. The 
discovery of phthaleins, which were among 
the first of the dyes derived from phthalic 
anhydride, dates back to 1871 and was 
the result of the investigations of Baeyer. 
By “phthaleins” is meant the compounds 
formed by the union of a phenol and 




NAPHTHALENE 


1831 


phthalic acid or anhydride. The first of 
these discovered by Baeyer was gallein,^® 
produced by heating pyrogallol with 
phthalic anhydride. Later the same year, 
he discovered fluorescein. Although it is 
not a very useful dyeing agent, Caro in 
1874 found that fluorescein when bromi- 
nated yielded eosine,’* which was intro¬ 
duced into the market in July, 1874. The 
introduction of these coloring matters had 
a great influence on the manufacture of 
phthalic acid. 

The manufacture of phthalic acid by the 
treatment of naphthalene with sulfuric acid 
was developed about 1896 for the manu¬ 
facture of synthetic indigo and anthra- 
quinonc. Not long after, owing to an acci¬ 
dental discovery, this reaction was greatly 
accelerated by the use of mercury as a 
catalyst. The first large-scale technical 
synthesis of indigo resulted directly from 
this successful oxidation of naphthalene to 
phthalic acid. Since then a great deal of 
indigo has been made from phthalic acid 
through its intermediate, anthranilic acid. 
Apart from its use in the dye industry, 
phthalic anhydride was not widely em¬ 
ployed until the Gibbs and Conover vapor- 
phase oxidation process,^® with a vanadium 
catalyst, was begun in September, 1916. 
An important development from this out¬ 
standing process is the production of ben¬ 
zoic acid, a workable commercial process 
being patented in 1925. However, the out¬ 
standing development has been the produc¬ 
tion of alkyd resins which have completely 
altered certain phases of the paint and var¬ 
nish industry, esi)ecially in the field of 
quick-drying products.^® 

75 Baeyer, A. Ton, Ber., 4, 457-9, 655-8 (1871). 

76 Gibbs, H. D., and Conover, C., U. S. Pat. 
1,284,888 (1918). 

77Daudt, H. W., U. S. Pat. 1,661,378 (1925). 
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While the catalytic oxidation process for 
phthalic anhydride was developed for use 
by the infant dye industry in the United 
States during World War I, resins and 
esters are now a far more important outlet 
than dyes and intermediates, resins alone 
accounting for the major portion, with 
esters, dyes, dye intermediates, and miscel¬ 
laneous uses following in order of their 
importance. 

The alkyd (phthalic-glycerin) resins were 
first made about 20 years ago. As phthalic 
anhydride grew progressively cheaper, 
these resins became the subject of intensive 
research. They were modified with various 
drying and nondrying oils and with vary¬ 
ing proportions of other constituents, re¬ 
sulting in an almost unlimited number of 
variations, ranging from viscous liquids to 
friable solids. These modified alkyd resins 
are used mainl} as automobile and furni¬ 
ture lacquers. 

Dibutyl phthalate had been the most 
widely used ester of phthalic anhydride. 
Its chief value is as a plasticizer in nitro¬ 
cellulose lacquers and films, although it has 
interesting possibilities as a greaseless lubri¬ 
cant and in solvent recovery. Another 
ester, diethyl phthalate, is used as a fixa¬ 
tive in perfumes, but chiefly as a denatur- 
ant of alcohol. It is also used as a plasti¬ 
cizer in cellulose acetate films. Other 
phthalic acid esters such as the dimethyl 
and diamyl phthalates have become of in¬ 
terest as plasticizers for a variety of syn¬ 
thetic resins. Dimethyl phthalate is also 
of special interest as an insectifuge. 

Concurrently with the increasing uses for 
phthalic anhydride in dyes, resins, and 
esters there have been developed new proc¬ 
esses for important products such as ben¬ 
zoic acid, phenolphthalein, anthraquinone 
and substituted anthraquinones, and ben¬ 
zoyl benzoic acid. The last is finding a 
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market in the form of its ethyl and methyl 
esters, as solid plasticizers which are char¬ 
acterized by compatibility with both nitro¬ 
cellulose and cellulose acetate and by the 
high degree of water resistance which they 
impart to the film.'^® 

Anthraquinone is manufactured by the 
Friedel-Crafts reaction of phthalic anhy¬ 
dride and benzene. The intermediate o-ben- 
zoyl benzoic acid has been separated and 
used as such or else dehydrated with sul¬ 
furic acid to form anthraquinone by ring 
closure. This dehydration step may also 
be effected with aluminum chloride, which 
avoids sulfonations but is not as economi¬ 
cal as the sulfuric acid cyclization. The 
manufacture of anthraquinone by the 
above process is the result of the fortunate 
economical availability of aluminum chlo¬ 
ride as well as phthalic anhydride. Many 
substitution derivatives of both phthalic 
anhydride and benzene have been subjected 
to analogous Friedel-Crafts reactions for 
the formation of substituted keto acids and 
anthraquinones. 

In 1917, phthalic anhydride had an aver¬ 
age market price of $4.23 per pound, the 
product being made by the sulfuric acid- 
mercury process. Subsequent annual in¬ 
creases in output together with process im¬ 
provements resulted in lower and lower 
prices until in 1942 the price of phthalic 
anhydride was 14.5 cents per pound. 

Naphthalene and its derivatives have 
come to be used in fields other than resins 
and dyeing. They are used in pharmaceu¬ 
ticals, explosives, perfumery, photography, 
and in synthetic tanning and wetting 
agents. As mentioned above, phthalic an¬ 
hydride resins have revolutionized quick¬ 
drying finishes. In 1927, a systematic re¬ 
view of the chemistry of naphthalene and 

70 Caryl, C. R., Chem. InduBtriea, 88, 461-4 
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its derivatives was made by Reverdin, 
Nolting, and Van der Kam.®<^ 

As early as 1869, the best-known use 
had been found for naphthalene. In that 
year Markoe*^ suggested it as the best 
substitute for camphor for the protection 
of woolens from moths and other insects. 
He stated that ^^naphthaline has been put 
to a thorough test by Prof. Asa Gray in 
Harvard College Herbarium, and in the 
cabinets of the Boston Society of Natural 
History. The results obtained in these 
trials were highly satisfactory and conclu¬ 
sively proved the value of naphthaline as a 
protective agent against the ravages of the 
destrucjtive insects that infest woolens and 
the cabinets of museums.” He said further 
that “there is no demand for naphthaline 
in the American market, • • • it is very 
cheap, being a waste product in the distil¬ 
lation of coal tar for which no practical use 
has been found except for fuel and the 
manufacture of lampblack.” 

Naphthalene is recovered from coal tar 
by a variety of procedures, governed mainly 
by the nature of the tar, plant facilities, 
and demand and purity of naphthalene re¬ 
quired. The initial step is batch or con¬ 
tinuous distillation of the tar to yield a 
distillate which contains essentially most of 
the naphthalene and so-called salable tar 
acids and as little of the oils distilling be¬ 
yond 235" C as is feasible. This distillate 
is known as crude naphthalene oil, tar acid 
oil, or middle oil. 

When the tar is distilled by the batch 
process Usually no fractionating column is 
used. A crude naphthalene oil is first ob¬ 
tained which is further redistilled, with or 
without the aid of a column, to produce 
a more concentrated naphthalene oil. The 

80 Revordin, F., NSlting, B., and Van der Kam, 
B. J., Tahellariache Cbereicht der Naphthalin- 
derivate, M. Nyhoff, The Hague, 2nd ed., 1927. 

81 Markoe, P. H., Proo. Am. Pharm. Aaaoc., 
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naphthalene oil can then be extracted with 
caustic soda solution to remove the phenols, 
after which it is allowed to crystallize, or 
the crystallization process may precede the 
caustic extraction. 

In the continuous tar-still operation a 
fractionating column is used and the naph¬ 
thalene or tar acid oil then proceeds di¬ 
rectly to the crystallization process either 
before or after caustic treatment. In some 
plants the naphthalene fraction, from the 
continuous still operation, is extracted with 
caustic soda and then refractionated before 
entering the crystallization step. 

The plant crystallization of crude naph¬ 
thalene oil is generally known as the “pan¬ 
ning’' operation. Hot naphthalene oil is 
pumped into shallow rectangular pans 
where it is allowed to cool atmosphericaUy 
and crystallize. The bulk of the contami¬ 
nating oils are drained by gravity from the 
bottom of the pans. The drained “naph¬ 
thalene cake” is then manually mined and 
“whizzed” in batch centrifuges to remove 
more of the contaminating oils. Washing 
of the cake in the centrifuge with hot water 
may be resorted to in order to improve 
the purity of the product. Other methods 
for removing contaminating oils from the 
drained “naphthalene cake” involve the use 
of hydraulic presses, generally steam jack¬ 
eted, for manufacturing the purer grades 
of naphthalene. Such hot presses®^ are 
employed in Europe and to a limited extent 
in the United States. 

The bulk of the naphthalene from the 
preceding operations is utilized directly, 
principally for the manufacture of phthalic 
anhydride, without any further purification. 
It is sold as crude naphthalene of specified 
freezing points, most frequently 74, 76, and 
78® C. However, further purification is 

82 Rosendahl, P., Steinkohlenteer, Theodor 
Steinkopff, Dresden and Leipzig, 1934, p. 94. 
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necessary for the manufacture of mothballs 
and certain chemicals. 

A number of refining processes are in 
operation for this purpose. These processes 
vary, depending chiefly upon the ultimate 
purity of naphthalene desired. They in¬ 
clude treating hot-pressed or centrifuged 
naphthalene with concentrated sulfuric 
acid,®® caustic soda solution, charcoal, 
metallic sodium, and other agents,®^ and 
crystallization in the presence of water or 
aqueous solutions of reagents, followed by 
redistillation and possibly sublimation. 
Several of the processes are often com¬ 
bined, with purification by sublimation or 
distillation as the final step. 

ANTHRACENE 



Anthracono 

The first impetus to tar distilling was 
given by Perkin’s discovery of aniline colors 
in 1856; a second and much needed boost 
was given when uses for anthracene were 
developed. Although only about 1 percent 
of the tar is obtained as benzene, it yielded 
at first so much profit that the other prod¬ 
ucts of tar distillation could be sold at low 
rates and new markets opened out for 
them. Excessive competition reduced the 
price of benzene, and, as there was little 
sale of creosote oil and pitch, tar distilling 
seemed to be hardly a remunerative busi¬ 
ness. But, through Grabe and Lieber- 
mann’s discovery ®® of artificial alizarin, 
anthracene attained a much higher value 

ssWarnes, A. R., p. 322 of ref. 69. Hill, J. 
B., U. S. Pat. 1,819,680 (1931). 

84 Schroeter, G., U. S. Pats. 1,763,410 (1930), 

1,800,159 (1931). Miller, S. P., U. S. Pats. 2,- 
078,963 (1937), 2,207,752 (1940), 2,257,616 

(1041). 

85 Grflbe, C., and Liebermann, C., Ber., 
49-51 (1868). 
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than any other product of coal tar and at 
the same time permitted the economical 
preparation of other coal-tar byproducts. 

The history of anthracene begins in 1832 
when Dumas*® discovered it in coal tar. 
He first described it as "paranaphthalene." 
His work was confirmed®^ in 1857 by 
Fritzsche and in 1862 by Anderson, who 
also established the correct formula for 
anthracene. In 1868 Grabe and Lieber- 
mann found that anthracene was formed 
from alizarin by the reducing action of zinc 
dust and that alizarin can be synthesized 
from anthracene. 

At the time of this discovery, anthra¬ 
cene was not prepared by the tar distillers, 
as it had no application, and very little was 
known about it. Before alizarin could be 
manufactured, not only the best methods 
of getting it but also roughly how much 
could be produced had to be determined. 
Unless the hydrocarbon could be obtained 
in large quantities, artificial alizarin could 
not compete with madder. Perkin com¬ 
menced by distilling pitch, but afterwards 
tar distillers were induced to try to separate 
it from the last runnings of their stills by 
cooling and then filtering off the crystalline 
products which separated out; the result 
was that in a short time such quantities 
came from this source that the distillation 
of pitch was abandoned. 

The early industrial importance of an¬ 
thracene is shown by the fact that the 
greasy material which in 1869 was burned 
in the furnaces or sold as a cheap wagon 
grease at the rate of a few shillings a ton 
received two years afterwards, when pressed 
into cakes, a price of no less than one 
shilling per pound. It is stated that an 
offer was once made, in the earlier stages 

86 Dumas, J. B. A., Ann. chim., 60, 182-97 
(1882) ; Ann., 5, 6-20 (1838). 

87 Fritzscbe, J., J, prakt. Ohetn., 78, 262-92 
(1867). Anderson, T., J. Ohem. Boc., 16, 44-51 
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of its history, by a manufacturer of anthra¬ 
cene to the Paris authorities to take up the 
“asphalt” used in the streets for the pur¬ 
pose of distilling it, in order to recover 
the crude anthracene.*® 

Production figures, at best, for anthra¬ 
cene are sketchy and incomplete. Suffice it 
to say that at first anthracene enjoyed a 
good price and increasing production until 
the cheaper method of anthraquinone 
manufacture from phthalic anhydride and 
benzene was developed. Since then only 
during the World War I has the recovery 
of anthracene from coal tar in the United 
States been appreciable. 

Perkin first discovered that anthracene 
could be purified from the carbazole better 
by distilling with caustic potash than by 
distilling either alone or with caustic soda. 
This process of purification is still used 
today. Efficient fractional distillation has 
been developed by Kahl*® for isolating 
from coal tar some of the more abundant 
compounds including anthracene. Winter- 
stein and Schon studied anthracene with 
a quartz lamp by the Tswett chromato¬ 
graphic adsorption analysis. The purifica¬ 
tion of coal-tar derivatives such as naph¬ 
thalene and anthracene by crystallization 
from ethylene dichloride and naphtha has 
been effected by Boyd.®^ Solvent methods 
for the purification of anthracene were im¬ 
portant at an early date and have con¬ 
tinued to find favor to this day. The most 
common of these solvents were crude pyri¬ 
dine bases and solvent naphtha, although 

ssRoBCoe, H. B., Proo. Roy. Inst., 11, 450-66 
(1887). Gardner, W. M., The British OoaUTar 
Industry, Williams and Norgate, London, 1915, 
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many other solvents have been proposed 
Another solvent, sylvan (2-methylfuran), 
has also been used to separate carbazole 
and anthracene.®® The method outlined be¬ 
low for separating the anthracene, phenan- 
threne, and carbazole in anthracene paste 
has been described by a French patent.®^ 
Hydrogenation of anthracene paste was 
found to yield a product from which carba¬ 
zole could be removed by filtration. Cool¬ 
ing the filtrate caused the separation of 
phenanthrene, which was filtered. Dehy¬ 
drogenation of the second filtrate yielded 
anthracene. Polyakova ®® heated crude an¬ 
thracene with maleic anhydride at 140 to 
150° for 4 hours, taking advantage of the 
alkali solubility of the product formed to 
separate the anthracene, phenanthrene, and 
carbazole originally present. Several other 
investigations of the separation of these 
three tar constituents have been de¬ 
scribed.®® 

The forementioned anthracene purifica¬ 
tion methods serve but to illustrate the 
variety and extent of investigations to 
which the preparation of anthracene has 
been subjected. 

The initial concentration of anthracene is 
made ])y distillation of coal tar. l^atch or 
continuous distillation i)rocesHes are used 
for the preparation of an anthracene or 

02 Clark, J. M., Ind. Kng, Chem., tl, 204-9 
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heavy-oil fraction. This fraction may vary 
widely in its composition but contains prin¬ 
cipally oils distilling from 300 to 360® C. 
The anthracene fraction is crystallized, cen¬ 
trifuged, and suction-filtered or pressed to 
produce a crude anthracene cake varying in 
composition from 10 to 35 percent anthra¬ 
cene, about half that amount of carbazole, 
and the remainder as phenanthrene, fluo- 
rencs, and other oils and solids. Prepara¬ 
tion of anthracene from the crude cake now 
diverges into a variety of procedures such 
as those previously listed. A general 
method for the manufacture of anthracene 
of 80 to 90 percent purity involves recrys¬ 
tallization of llie crude cake from various 
fractions of pyridine bases. The crude an¬ 
thracene cake may be partially concen¬ 
trated to 30 to 00 percent purity by solvent 
naphtha treatment, after which, by caustic 
fusion, hydrogenation, maleic anhydride ad¬ 
dition, solvent treatment, or other proc¬ 
esses, any desired purity may be attained. 

COAL-TAR HYDROCARBONS DISTILLING 
BETWEEN NAPHTHALENE AND 
ANTHRACENE 



l-Methylnnphtlmlcne Acenaphthenu 

(a-nicUiy InnphUialene) 



(Fluoreno) Phenanthrene 

(dlphcnyU'nemethane) 


The fraction of coal-tar hydrocarbons 
distilling between naphthalene and anthra¬ 
cene is the source of several potentially im¬ 
portant industrial compounds. Although 
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the volume of oil in this range represents 
about a third of the total distillate usually 
obtained by the distillation of coal tar, it 
has been chiefly a component of creosote 
oil rather than the source of individual 
chemical substances. Such substances have 
commercial possibilities both from the 
standpoint of improved techniques for their 
preparation and for the discovery of new 
applications. Of the numerous hydrocar¬ 
bons in this boiling range, the following are 
probably the more important: os- and 
/S-methylnaphthalene, acenaphthene, fluo- 
rene, and phenanthrene. 

Methylnaphthalenes. The methylnaph- 
thalenes found in coal tar include the 
mono-, di-, and trimethyl homologs. Of the 
26 methylnaphthalenes theoretically possi¬ 
ble, 12 have been separated from coal tar, 
including the 2 monomethylnaphthalenes, 7 
dimethylnaphthalenes, and 3 trimethyl- 
naphthalenes. Of these only os- and 
)3-methylnaphthalene have received any 
special attention, and that only to a limited 
degree. The others occur in difficultly 
separable mixtures or in insufficient quan¬ 
tities to warrant isolation. 

Reingruber®^ attempted to separate the 
isomeric a- and ^-methylnaphthalenes in 
1881 and succeeded in establishing a par¬ 
tial characterisation of their properties. 
He recognized that the isomeride is a 
solid at room temperature and that the a 
compound is a liquid. The le.ss-fusible 
/^-methylnaphthalene can be obtained quite 
readily in a reasonably pure state by the 
usual methods of fractional distillation and 
crystallization. Early investigators, not 
having a good criterion of purity, errone¬ 
ously assumed that separation of the 
compound simultaneously yielded a mother 
liquor which was pure a-methylnaphtha- 
lene. In 1918, Weissgerber and Kruber®® 

97 Relngruber, F., Ann., 206, 367-80 (1881). 

98 WeiflSKi'fber, R., and Kruber, O., Bcr., 02, 
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noted that the separation was not so simple 
and that the ordinary grades of a-methyl- 
naphthalene as then obtained were seldom 
even 50 percent pure. Wichelhaus ®® made 
somewhat better grades of the two com¬ 
pounds by the common method of re¬ 
crystallization of picrates. The prepara¬ 
tion of a- and ^-methylnaphthalene by 
separation of their sulfonic acids is the sub¬ 
ject of an 1897 Clerman patent and has 
been used since then by a number of in¬ 
vestigators. A further improvement in the 
preparation of a- and ^-methylnaphthalene 
from coal-tar oils developed with the reali¬ 
zation that after removal of bases and acids 
from a narrow boiling fraction certain un¬ 
saturated compounds remain which will 
ultimately contaminate the a-methylnaph¬ 
thalene. Coulson overcame this factor 
in a somewhat laborious manner by treat¬ 
ing the oils with sulfuric acid. Mair and 
Streiff isolated the two monomethyl¬ 
naphthalenes from petroleum and gave an 
excellent characterization of their physical 
properties. 

The applications of a- and /l-methyl- 
naphthalene to industrial usage have been 
quite limited. As a crude mixture they 
have been suggested as diluents for cresol 
disinfectants.^^^ a-Methylnaphthalene is 
used as a reference fuel in the determina¬ 
tion of cetane and cetene numbers of Diesel 
oils,^®* and a 1927 German patent pro¬ 
posed using a-methylnaphthalene alone or 
with ^-methylnaphthalene as a working 
medium for vapor engines.^Oxidation of 

9» wicholhnufl, H., Ber., 24, 3918-21 (1892). 
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jg-methylnaphthalene can yield 2-inethyl- 
naphthoquinone-1,4 (vitamin K, active) 
whose mono sodium salt may be combined 
with phytyl bromide to yield the anti- 
hemorrhagic vitamin One method of 

preparing a-chloromethylnaphthalene is the 
diiect side-chain chlorination of a-methyl- 
naphthaleiie. This chloro compound may 
be cyanated and subsequently hydrolyzed 
to a-naphthyl acetic acid which has re¬ 
ported value in the stimulation of germina¬ 
tion and growth in seeds, plants, and the 
like.^"^ Methylnaphthalenes have unusual 
solvent properties, and development can be 
anticipated in this direction. 

Synthesis of a-methylnaphthalene by the 
usual Friedel-Crafts or Wiirtz procedures 
has not been very successful. The ^ com- 
j)ound, however, is more amenable to such 
reactions. 

Acenaphthene. Berthelot first isolated 
acenaphthene from coal tar in 1867. A def¬ 
inite chemical formula for this compound 
was not established until 20 years later 
when Bamberger and Philipproved the 
structure of naphthalic acid which had pre¬ 
viously been recognized as a direct oxida¬ 
tion product of acenaphthene. 

The general procedures for jireparing 
acenaphthene from coal-tar sources are 
fairly simple. They consist of fractional 
distillation to obtain a close lioiling cut 
from which the comiiound is sejiarated by 
solvent treatment inasmuch as it has such 
excellent crystallizability. The solvent is 
often alcohol or some petroleum naphtha 
from which acenajihthene crystallizes in the 
form of long shining needles. However, the 
jirimary purification must be made by dis- 

lofl Binkley, S. B., et al., J, Am. Ghcm. Soc.f 
«1. 2558-y (1939). 
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tillation in order to remove solid contami¬ 
nants, mainly fluorene. According to a 
German patent,this pKirification of ace¬ 
naphthene can be markedly increased by 
redistillation of crude acenaj)hthene in the 
presence of oils such as the dimethylnaph- 
thalenes. Methods like that of Nisembaum 
and Fedorova are merely an elaboration 
on the usual distillation-crystallization pro¬ 
cedures except that more attention is given 
to securing better fractional distillation. 

Everest has comprehensively reviewed 
the chemistry of acenaphthene up to 1927. 

The reactivity of the 7,8-positions of 
acenaphthene accounts for most of its es¬ 
tablished uses. ]\irtial oxidation of the 
compound yields acenaplitliequinone which, 
by partial reduction, may be converted to 
the mono ketone, acenaphthenone. The 
carbonyl groups of these ketones are very 
reactive to condensations and have resulted 
in the formation of several vat dyes. 
Among these dyes are the Ciba Scarlet, 
Orange G, and Red R. Other a(*enaph- 
thene dyes of interest are Alizarine Indigo 
B, which is prepared from 3-hydroxyace- 
naphthenoiie, and those derived from 
amino acenaphthenes.”^* Dziewonski and 
Rapalski jiyrol^^zed acenaphthene and 
obtained acenajihthylene and lesser 
amounts of iiolymerized materials. Ace¬ 
naphthylene will polj’inerize at 90 to 100° C 
under thermal action alone, yielding higher 
condensation products and resinous sub- 

no OoBciisciuift f(ir Teerverwertung m.b.H., 
G«t. Pat. 277,110 (1013). 

111 NiHombaum, S. I., and Fedorova, L. Y., 
<Ujke and Vhem. (U.S.S.R.), ». No. 10-11, 49-54 
(1930) ; Chimie rf indiiHtrte, 44, 43--4 (1940). 

112 Everest, A. E., The Higher Coal Tar Hydro- 
carbonn, Longiiians, Green & Co., London, 1927, 
pp. 1 57. 

lid Morgan, G T., and Stanley, H. M., J. 8oc. 
Chvm. Ind., 43. 343-OT (1924). 

114 D/dewonski, K., and Rapalski, G., Ber., 45, 
2401-5 (1912). 



1338 


THE CHEMICAL NATURE OF COAL TAR 


eiances which have not yet materialized 
into any commercial importance. Explora¬ 
tory attempts have been made in the con¬ 
densation of acenai)hthene with formalde¬ 
hydeOxidation of acenaphthene to 

I, 8-naphthalic acid offers possibilities for 
the industrial utilization of this hydrocar¬ 
bon. The analogy between naphthalic and 
phthalic acids is such that the naphthalic 
may also find adaptations in the resin and 
dye industries. A review of the reported 
procedures for oxidizing acenaphthene to 
naphthalic acid would seem to indicate that 
a commercially feasible method is still 
wanting. 

Acenaphthene and its derivatives have 
been studied for their effects on the initia¬ 
tion of growth and other responses in 
plants?. Among these is 5-acenaphthene 
acetic acid.^^^ Acenaphthene and 5-bromo- 
acenaphthene were more recently shown to 
be effective in inducing abnormal mitosis 
in wheat.^^® 

Fluorene. Fluorene was first obtained 
from coal tar by Berthelot at about the 
same time that he discovered acenaph- 
thene.^°® The material which he prepared 
had a very pronounced fluorescence and 
was accordingly named fluorene. Hodgkin- 
son and Matthews noted in 1883^^® that 
further purification of fluorene 610868 a 
loss or lessening of the fluorescence which 
])rcsumably is due to the jiresence of some 
higher-boiling fluorescent impurity. Bar- 
bier improved somewhat the separation 

115 Dzicwouskl, K., and Leyko, Z., Her., 47, 
1679-00 (1914). 

116 Morgan, G. T., and Harrison, H. A., Hrit. 
Pat. 310,444 (19128). 

117 Zimmerman, P. W., and Wilcoxon, P., 

Contrib. Boyce Thompson Inst., 7, 200-29 

(19.36). 

iisShmuk, A., and Kostov, D., Compt. rend, 
arad. sci. U.R.8.8., 28. 263-6 (1939). 

lie Hodgkinson, W. It., and Matthows, F. P., 

J. Vhem. 8oc., 48. 163-72 (1883). 

i20Barbier, P., Ann. chim. phys., tr>], 7, 479- 

540 (1876). 


method of Berthelot by more thorough 
fractional distillation but still had to use a 
noncommercial purification process which 
involved recrystallization of the picrate. 
One of the hydrogens of the fluorene meth¬ 
ylene group was found to be susceptible of 
replacement by potassium or sodium by fus¬ 
ing a close-boiling fluorene cut with caus¬ 
tic potash; the fluorene w^as separated as a 
hydrocarbon-insoluble potassium salt which 
by hydrolysis regenerated the compound as 
a fairly pure material. Because of the 
lo.sses due to rupture of the fluorene mole¬ 
cule as well as that of its princii)iil con¬ 
taminant, dii)henylenc oxide, less drastic 
fusion temperatures were sougjit for, using 
sodainide or sodium in the presence of am¬ 
monia or sodium in the presence of aniline 
or pyridine.^-i With the introduction of 
better fractional distillation equipment, the 
problem of producing commercial grades of 
fluorene has been largely reduced to distil¬ 
lation and solvent recrystallization 

Fluorene may be considered as a dibenzo 
homolog of cyclopentadiene just as indene 
is benzocyclopentadiene. The methylene 
group in fluorene is less reactive than that 
of cyclopentadiene because of being masked 
by the adjacent benzo groui)s. However, 
it is this methylene group in fluorene which 
accounts for many of its reactions. Fluo¬ 
rene has been synthesized by the reduction 
of diphenylene ketone.^Among other 
syntheses of fluorene and its derivatives are 
those of Adam from dii)henyl and meth¬ 
ylene (lichloride and of Kliegl which 
dealt with the ring closure of trii)henyl 
carbinol to yield 9-phenyl fluorene. 

121 GeHellschuft fiir Teerverwertung, Gor. Pats. 
203,312, 209,432 (1908). 

122 Karpukhin, P. P., and Mikhnjlenko, P. I,, 
Trudy Khar'kov. Khim.-Tekhnol. Inst. im. 8. M. 
Kirova. No. 1, 19-33 (19,39). 

i23Plttig, R., Per., 6, 187 (1873). 

124 Adam, P., Vompt. rend., 108, 207-8 (1886). 
Kliogl, A., Ber., 38. 284-97 (1905). 
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Oxidation of fluorene gives fiuorenone, 
which undergoes the general reactions of an 
aromatic ketone. A very excellent review 
of the various derivatives of fluorene and 
fluorenone is that of Rieveschl and Ray.^^s 
The derivatives include those formed by 
substitution in the ring and in the methyl¬ 
ene group of fluorene and by condensation 
involving the carbonyl and the methylene 
groups. A number of dyes have been jiro- 
duced from both fluorene and fluorenone 
derivatives, but they have not yet material¬ 
ized into important applications. Com¬ 
pounds from 2,7-diamin()fluorene and 2,7- 
diamino-fluorenone have good possibilities 
as dye intermediates. They are generally 
of the tetrazo type. Derivatives of fluo¬ 
rene, particularly of 2,7-diaminofluorene, 
are used as analytical reagents .^20 ^phe 
study of fluorene as an insecticide has been 
reported by Siegler, Munger, and Smith.^^^ 
In 1939, interest was shown in the use of 
chlorofluorenes as insecticides. Condensa¬ 
tions of fluorene to iiroduce resins have not 
proved to be of any significant value as 
yet. Various ammo alcohol esters of 9-hy¬ 
droxy fluorenc-9-carboxylic acid^-'^ and of 
fIu()rene-9-carboxylic acid have been pre¬ 
pared which are reported to exhibit a very 
j)owerful antis])asmodic efTect and are free 
of the disadvantages associated with atro¬ 
pine or papaverine. 

Another recently patented fluorene deriv¬ 
ative, 9-fluorene-y5-butyronitrile, is said to 
be useful for jireparing drugs, plasticizers, 
and resins. Upon hydrolysis, it yields the 

125 Rieveschl, G., Jr., and Ray, F. B., Chem. 
Revs., 23. 287^389 (1938). 

126 Schmidt, J., and Hinderer, W., Ber., 64, 
1793-6 (1931). 

127 Siegler, E. H,, Munffer, F., and Smith, L. 
B., V. 8. Dept. Agr., Circ. 533 (1939), 9 pp. 

128 Wolfes, O., and Hromatka, 0., U. S. Pat. 
2,221,828 (1941). 

129 Burtner, R. R., U. S. Pat. 2,262,754 (1941). 


corresponding amide or acid which may 
function as plant-growth hormones.^®® 

Phenavthrene. The occurrence of phe- 
nanthrene in coal tar was discovered simul¬ 
taneously in 1872 by Ostermayer and Fit- 
tig and Griibe.^®® A number of natur¬ 
ally occurring substances such as the mor¬ 
phine alkaloids, sterols, bile acids, and sex 
hormones contain the phenanthrene nucleus. 
Fittig and Ostermayer decomposed their 
new compound to diphenyl and thereby 
established some idea of its chemical nature. 
They called it phenanthrene in order to 
indicate its relationship to both diphenyl 
and anthracene. 

Phenanthrene is found in coal tar in the 
anthracene fraction. It is considerably 
more soluble than anthracene in most or¬ 
ganic solvents so that numerous attempts 
have been made to purify it by solvent 
crystallization alone. Clark and others 
have pointed out that no solvent is com¬ 
pletely effective and that chemical methods 
must be employed. Among the compounds 
associated with coal-tar phenanthrene are 
anthracene, carbazole, diphenylene oxide, 
and fluorene. Most attempts have been 
concerned only with the removal of anthra¬ 
cene and carbazole. Schmidt tried to 
purify phenanthrene by selective oxidation 
of the crude material by which he con¬ 
verted the bulk impurity, anthracene, to 
anthraquinone. Clark ^®® fused the crude 
phenanthrene with alkali in order to re¬ 
move the carbazole. Clar ^®® removed the 
anthracene by the 1,4 type of addition with 
maleic anhydride. Other procedures for 
the preparation of phenanthrene involve 
some degree of fractional distillation to con- 

iso Bruson, H. A., U. S. Pat. 2,301,618 (1942). 

131 OHtermayer, E., and Fittig, R., Bcr., 5, 
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132 Grfibe, C., Ber., 5. 861-3, 968-9 (1872) ; 
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134 Schmidt, E., Ber., 7, 205-6 (1874). 
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centrate the product from which anthra¬ 
cene may be substantially removed by ex¬ 
traction from pyridine bases in which it is 
but moderately soluble,reaction with ma¬ 
leic anhydride/®® selective hydrogenation,®^ 
and others. Methods of removing carba- 
zole include among others hydrogenation,®'* 
caustic fusion,’®® and formation of the car- 
bazole sulfate.’®^ 

Preparation of pure phenanthrene from 
coal tar requires the removal of fluorene 
and diphenylene oxide as well as of carba- 
zole and anthracene. Jeanes and Adams 
removed these former by reaction with 
metallic sodium. The quantity of phenan¬ 
threne in coal tar has usually been re¬ 
ported by a method of differential analysis. 
Crude anthracene is analyzed for anthra¬ 
cene and carbazole, and the remaining ma¬ 
terial is assumed to be phenanthrene. Con¬ 
sequently, often enormous and e.xaggerated 
reports have been given of the amount of 
phenanthrene present in coal tars. This 
fact must be recognized and the amount 
determined by direct methods of analysis. 
Though not entirely satisfactory, the ana¬ 
lytical method of Williams ’®® and its later 
modifications are probably the best. In 
these procedures phenanthrene is oxidized 
to the quinone which is then isolated as a 
quinoxaline derivative. 

A number of methods have been pro¬ 
posed for the synthetic preparation of 
phenanthrene, but most have shortcomings 
such as low yields or unsatisfactory purity. 
Amonp the better-known syntheses are the 
pyrolysis of curnarone and benzene,’'*® 

13« Ardashov, B. I., and Polyakova. I. M., Org, 
Chem. Ind. {U.8.8.R.), 4, 601-5 (1937). 

187 Woiiinmyr, V. M., U. S. Pat. 2,242,842 
(1941). 

138 JeanoR. A., and Adams, R., J. Am. Chem. 
8oe., S8, 2608-22 (1937). 

189 Williams, A. G., ibid., 43, 1911-9 (1921). 

140 Kriimer, G., and Spilker, A., Bcr., 23, 84-7 
(1890). 


the dehydrogenation of stilbene,’^’ and 
Pschorr’s synthesis from o-nitrobenzalde- 
hyde and sodium phenylacetate.*'*- 
Derivatives of phenanthrene have been 
obtained by the usual methods of substitu¬ 
tion, hydrogenation, oxidation, condensa¬ 
tion, and others, but none have acquired 
sufficient importance to cause any worth¬ 
while demand for the hydrocarbon. Phe- 
nanthrenequinone is the principal derivative 
of interest. Quite freciuently its prepara¬ 
tion is attended by the degradation prod¬ 
uct diphenic acid. No important technical 
use has been found for phenanthrene. De¬ 
spite the fact that a large number of dyes 
have been made from the compound, par¬ 
ticularly the azo colors from the amino- 
])henanthrenequinones, only one has at¬ 
tained any importance. This is flavindu- 
line 0, which is made by the condensation 
of phenanthrenequmone and o-aminodi- 
phenylamine. Phenanthrene itself is used 
for the manufacture of lampblack.**® At 
present very little iihenanthrene is refined. 
The preparation of resins from this com- 
})ound has not received sufficient attention 
to make them of any importance. 

COAL-TAR irVDROCARBONS BOILING ABOVE 
ANTHRACENE 


Pyrene Chrysene Fluoranthene 

“Found in coal-tar fractions boiling above 
360® C” is a frequently recurring expression 
of the chemical literature. It might almost 
be taken as an indication of the paucity of 
information on these fractions. No system- 

141 Zelinsky, N. D., and Tltss, I. N., ibid., 62B, 
2869-73 (1929). 

142 Psehorr, R., ibid., 29, 496-501 (1896). 

148 Carpmael, A., Brit. Pat. 323,100 (1929). 
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a tic approach to the industrial separation 
of hydrocarbons boiling above anthracene 
has as yet been reported. The fact tSat 
these hydrocarbons have extremely high 
boiling points, as far as organic compounds 
go, precludes their easy separation by the 
ordinary fractional-distillation methods. 
Chromatographic adsorption experiments 
have indicated still another obstacle, 
namely, the comi)lexity of these higher 
“fractions.” * 

About the only compounds of any in¬ 
dustrial importance which have l>een ob¬ 
tained from coal-tar fractions boiling above 
300° C are chrysene, pyrene, and fluoran¬ 
thene. Although references to these com¬ 
pounds were made in the early years of the 
coal-tar industry, they have not received in 
any appreciable measure the consideration 
which has been given the lower-boiling com¬ 
ponents of coal tar. 

Chrysene. Chrysene was discovered in 
coal tar by Laurent in 1837. Its name 
IS derived from the fact that, as prepared 
from coal tar, it has a golden yellow color. 
This color was shown by Lieberinann 
to be due to an impurity, chrysogen, which 
W’hen completely removed left a colorless 
chrysene. A number of methods have been 
tried to remove this coloring impurity 
w’hich seemed to be a relatively reactive 
substance. Lieberinann used oxidation and 
reduction. Other methods have employed 
maleic anhydride and jiartial sulfona- 
tion. In 1034, Wintersteiii and others,^*^^ 
by the utilization of chromatographic ad¬ 
sorption, w^ere able to show that this color¬ 
ing substance of crude chrysene was chiefly 
the hydrocarbon naphthacene w’hich is a 

141 liUiiroiit, A., Ann. vhim. phyn., (2), 00, 
13G-213 (1837). 

M.-. Liol>t*rmaim, C., Ann.. 158, 299-316 (1871). 

i4«Clar, K., anti Lonibiirtli, L., Her.. 0.5, 1411- 
liO (1932). 

147 WinterHtoin, A., Schon, K., and Vetter, H., 
Z. physiol. Chem., 280, 158-69 (1934). 


ver>^ reactive benzo homolog of anthracene. 
This adsorption method consists essentially 
of passing a nearly saturated solution of 
the crude compound in a benzene-ligroin 
mixture through a tower packed with acti¬ 
vated alumina. 

Its slight solubility in most organic liq¬ 
uids has permitted the isolation of crude 
chrysene by solvent extraction. The classi¬ 
cal method of Liebermann and others 
proceeds by extracting the total coal-tar 
distillate w'hich boils above the anthracene- 
carbazole range with carbon disulfide. In 
this manner pyrene, fluoranthene, methyl- 
anthracenes, methylcarbazoles, and other 
more soluble constituents are leached out, 
leaving a yellowish green crude chrysene. 
The crude chrysene is then recrystallized 
from boiling solvent naphtha or glacial 
acetic a<*id. Solvent treatment alone does 
not suffice to yield pure coal-tar chrysene. 
Other even less soluble compounds, such as 
chrysogen or naphthacene, impart yellow 
color to the chrysene and generally have 
to be removed by the previously mentioned 
chemical methods. Von Braun and Irm- 
isch^'*” claimed further that technically 
prepared chrysene from coal-tar sources 
contains up to 1.4 percent of sulfur in the 
form of sulfur comiiounds which need to 
be removed by combination with metallic 
sodium. 

In 1874, Schmidt utilized the forma¬ 
tion of an insoluble double salt for the iso¬ 
lation of chrysene. Crude anthracene was 
simultaneously nitrated and oxidized with 
nitric acid. An insoluble crystalline dinitro- 
anthraqiiinone-chrysene compound w'as 
formed which, when reduced, released the 
chrysene in an easily separalile state. 

The boiling point of chrysene most fre¬ 
quently reported is near 450° C at atinos- 

148 Von Braun, J., and Irinisdi, G., Ber., 05, 
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pheric pressure. Because of its high boiling 
point the most recent work on chrysene 
separation has concerned itself with high- 
vacuum fractional distillation or hydrogen¬ 
ation of low-melting coal-tar pitch. A 
number of German patents make use of 
soft pitch from coal hydrogenation, which 
is subjected to further hydrogenation and 
subsequent distillation.^*"’® 

Among the synthetic preparations of 
chrysene, that of Spilker in 1898 is par¬ 
ticularly interesting. A United States pat¬ 
ent issued in 1981) describes a modifica¬ 
tion of the same idea. Indene or hydrin- 
dene IS passed over a dehydrogenation cata¬ 
lyst such as zinc oxide or magnesium oxide 
at a temperature of 5(X) to 700° C. The 
pyrolytic cracking of indene results in the 
evolution of hydrogen and the formation of 
chrysene in reportedly good yields. An¬ 
other pyrolytic method of interest is that 
of Kriimer and Spilker,^ in which a mix¬ 
ture of couinarone and naphthalene was 
passed through a red-hot tube and a con¬ 
siderable amount of chrysene was formed. 

The derivatives of chrysene have not 
been subjected to very extensive study. 
I’robably the most important of these 
derivatives is 5,l)-chrysenequinone, which 
was first prepared by Liebermann.^'*® It 
is an ortho diketone and as such is subject 
to a number of interesting condensation 
reactions. Substitutions in the chrysene 
molecule by nitro, sulfonic acid, and halide 
groups has not achieved enough consider¬ 
ation to cause any worthwhile demand for 
chrysene for this purpose. Chrysene has 
sometimes been used purely for its fluores¬ 
cent property. When pure, it exhibits a 
red-violet fluorescence; when crude, this 

150 I. (}. Furbonindustrie A.-(5 , Gor. Puts. 654,- 
082 (1937), 654,791 (1938). 

161 Spilker, A., Ber., 20, 1538-45 (1893). 

i 62 WuUf, C., and Treppenhauer, M., U. S 
Pat. 2,056,015 (1936). 


color is masked by the golden-yellow of 
chrysogen. 

Fluoranthene and Pyrene. Fluoranthene, 
or fluoranthrene as it is often named, is 
generally associated with jiyrene because 
both are found in similar coal-tar fractions. 
Its original preparation and nomenclature 
are attributed to Goldschmidt^®® in 1877. 
He called it idryl. The present name of 
fluoranthene comes from the word fluoran¬ 
threne, which was used to designate the 
relationship of this compound to fluorene 
and phenanthrene. 

Pyrene was obtained in a crude state in 
1887 by Laurent from the same source 
as that from which he had isolated chry¬ 
sene. Bamberger and Philip are cred¬ 
ited with revealing the chemical structure 
of pyrene by their method of stepwise oxi¬ 
dation with chromic acid and permanga¬ 
nate solutions. The ultimate purification 
of pyrene and fluoranthene has been made 
by the chromatographic adsorption method. 
In this manner certain of the coloring 
chrysogens are removed. 

The original procedures of obtaining py¬ 
rene and fluoranthene from coal tar were 
concerned simultaneously with the isolation 
of chrysene. The carbon disulfide filtrate 
from the extraction of chrysene was evapo¬ 
rated to yield a low-melting solid which 
was then recry&talhzed from alcohol and 
the resulting crystals were converted into 
the picrates. Several recrystallizations of 
the picrate mixture gave the individual pic¬ 
rates of pyrene and fluoranthene. These 
were subsequently treated with ammonia 
to regenerate the relatively jiure com¬ 
pounds. Later improvements by Fittig^®® 
and others consisted of vacuum fractional 
distillation of the same crude material into 

163 Guldsclimidt, G., Ber., 10, 2022-30 (1877). 

164 Bainberger, E., and Philip, M., Ber.j 20, 
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16.5 Fittig, K., and Liepmaii, II., Ann., 200, 
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two fractions. Further treatment then fol¬ 
lowed by recrystallization of the picrates 
of the individual fractions. Fluoranthene 
was obtained from the first and pyrene 
from the second fraction. 

Kruber’s method of 1931 ^5® represents a 
great improvement in the extraction of 
pyrene and fluoranthene from coal tar. In 
his procedure the starting material was a 
coal-tar fraction which boiled from 370 to 
390" C. This fraction was first washed free 
of acids and bases and was then diluted 
with a petroleum naphtha and treated with 
metallic sodium. Fluoranthene was de¬ 
posited as a filterable sodium salt, the py¬ 
rene remaining unattacked. Hydrolysis of 
the salt was followed by vacuum distilla¬ 
tion whereby tetra hydrofluoranthene was 
obtained. It was dehydrogenated to yield 
pure fluoranthene. The unreactcd pyrene 
fraction was distilled and upon solvent 
crystallization gave pyrene. In 1941, Coul- 
son enlarged upon Kruber's 
procedure by placing greater em¬ 
phasis on fractional distillation in 
order to obtain a narrower boiling 
cut before any subsequent chemi¬ 
cal treatment. He also noted that 
an almost- quantitative dehydro¬ 
genation of tetrahydrofluoranthene can be 
effected by the use of selenium. 

According to a Briti.sh patent,’-'^^ pyrene 
can best be economically produced by using 
the products of the dehydrogenation of 
selected fractions of hydrogenated coals or 
coal tars. A tyjiical starting crude would 
be a hydrogenated fraction boiling from 
370 to 390° C at atmospheric pressure or 
from 250 to 280° C at 50 mm. 

Neither pyrene nor fluoranthene has been 
synthesized by any procedure which at¬ 
tracts industrial consideration. 

iflOKrubpr, (>., Iter., 64B, 84-5 (1931). 

i67Coul8on, E. A., Chemistry A Industry, 00, 
099-702 (1941). 

jr.8 Johnson, J. Y., Brit. Pat. 435,254 (1936). 


Partial oxidation of fluoranthene converts 
it to fluoranthenequinone, which may be 
further oxidized to fluorenone carboxylic 
acid. A small number of derivatives of 
fluoranthene have been made, but very 
little commewial application has been 
found for them. A United States patent 
of 1942 has claimed the manufacture of a 
nmnber of fluoranthene derivatives which 
may bo of value as dye intermediates. 

Somewhat more research has been re¬ 
ported on pyrene than on fluoranthene 
chemistry but not enough to excite signifi¬ 
cant industrial interest. Aluminum chlo¬ 
ride condensations of acid chlorides and 
pyrene give condensation ])roducts which 
are of use as vat dyes.^'“’ The oxidation 
products of pyrene which may be of im¬ 
portance are pyrenequinone and the naph- 
thalene-tetracarboxylic acid. 

\/^AR ACIDS 


Tar acids is a general term including all 
the ])heiiolic constituents of coal tar. The 
most irniiortant of these is phenol, the indi¬ 
vidual cresols and xylenols following in 
about that order. The fallacy, “Every¬ 
thing, even asjnrin, comes from coal tar,” 
owes much of its origin to the chemistry 
of tar acids, particularly because of the 
resins and drugs derived from phenols. 

Phenol was discovered in coal tar by 
Runge^®’ in 1834. He called it carbon-oil 
acid or carbolic acid, a name still quite 

1 .19 Kern, W., Ilolbro, T., and Tobler, R., U. S. 
Pat, 2,292,691 (1942). 

HioSolndl, R., Oer. Pat. 239,761 (1910). 

i«i Kiin^e, F. F., Pogg. Ann., 31, 65-78, 513- 
24 (3834), 82, 308-33 (1834). 
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commonly used. In 1841 Laurent iso¬ 
lated ^‘pure'' phenol, which he called ht/- 
drate de phenyle or acide phenique. The 
present chemical name phenol was given 
by Oerhardt,^®'* who had prepared it from 
salicylic acid. 

The preparation of phenol from coal tar 
involves the simultaneous recovery of mix¬ 
tures of the other tar acids. The basic 
principles generally applicable for the re¬ 
covery of phenol and the other tar acids 
from coal tar include the following steps: 

(1) distillation of the tar to obtain an oil 
fraction boiling over a range which will in¬ 
clude the commercially usable tar acids; 

(2) extraction of this fraction with caustic 
soda; (3) purification of the resultant caus¬ 
tic extract; (4) liberation of the tar acids; 
and, finally, (5) dehydration and distilla¬ 
tion of the tar acids. Numerous variations 
and refinements occur within each of the 
preceding stei)s. 

The tar may be distilled intermittently, 
with or without a column, or continuously 
with a fractionating column. A so-called 
tar acid oil or middle oil is collected which, 
depending chiefly upon the nature of the 
tar and the method of distillation, is gener¬ 
ally from about nJO to 20 percent of ihe tar. 

This tar acid oil is usually extracted with 
caustic soda, in concentrations varying from 
8 to fiO percent, either before or after re¬ 
moval of the naphthalene, which, in most 
instances, is included in the tar acid oil 
fraction. The tar acids are thereby con¬ 
verted *to the sodium salts, which are solu¬ 
ble in the a(|ueous, caustic layer. These 
soluble salts are collectively called sodium 
phenolate or sodium cresylate. Lime and 
other alkaline reagents have been used for 
this extraction ])rocess, but present prac¬ 
tice prefers the caustic soda which Laurent 

i «2 Luurout, A., Ann. chim. phya., (2), 174, 
105-228 (1841). 

loaOerhnrdt, C., Ann., 87, 149-78 (1853). 


first proposed in 1841. The sodium cresyl¬ 
ate is allowed to settle and is separated by 
gravity from the nonaqueous or ^'neutral 
oil” layer. In the early days of the tar 
acid industry, when fractional distillation 
equipment was crude, it was difficult to 
prepare pure phenol from the extracted tar 
acids. Consequently, attempts were made 
to concentrate phenol prior to distillation. 
Fractional saturation was formerly prac¬ 
ticed, in which insufficient amounts (based 
upon the total tar acid content) of caustic 
were used, whereby the more acidic car¬ 
bolic acid was preferentially extracted along 
with somewhat less than the usual propor¬ 
tion of the other tar acids. 

After separation, the sodium cresylate is 
freed of entrained and dissolved oils and 
bases. Among the processes which have 
been used for this purpose are aqueous di¬ 
lution of the cresylate to throw dissolved 
oils out of solution and distillation to 
volatilize oils, bases, and some water and 
leave a concentrated cresylate. Current 
practice is evaporation under reduced pres¬ 
sure to controlled concentrations of sodium 
cresylate. 

The next step in tar acid preparation is 
known as ^^sprmging,” that is, the conver¬ 
sion of the tar acids from the sodium salts 
to the “free tar acids.” This springing is 
generally effected by carbon dioxide, al¬ 
though sulfuric acid of varying strength 
nuiy be used. At one time sulfurous acid 
was considered for this purpose.^The 
process of springing is not (juite comiileted 
by treatment with carbon dioxide. After 
separation of (he tar acids from the sodium 
carbonate solution by decantation, sulfuric 
acid may be added for more complete 
springing of the tar acids. The released 
tar acids are then separated by decanting 

1«4 Luuge, G., p. 733 of ref. 69. 

i«r. Lowe, C., and Gill, J., Brit. Pnt. 1,450 
(1880). 



TAR ACIDS 


1345 


from the aqueous sodium sulfate solution 
and are ready for dehydration and distilla¬ 
tion. The spent sodium carbonate solution 
from the above springing operation Ls re¬ 
turned to a causticizing plant where caustic 
soda is regenerated by reaction with lime. 

Subsequent refining of the tar acids 
involves intermittent or continuous distil¬ 
lation through a fractionating column 
whereby water is removed and various 
fractions may be taken such as crude phe¬ 
nol, crude cresols, and xylenols. Refrac¬ 
tionation of these cuts can yield directly 
high-purity phenol and o-cresol. The re¬ 
maining tar acids may be obtained as cuts 
having definite boiling ranges from which 
the individual components are separated by 
means other than fractional distillation. 

The development of the tar acid inclus- 
try paralleled the growth of phenol and 
was to a large extent dependent upon it. 
'The United States production of phenol 
prior to 1914 averaged about one million 
j)oimds a year and was entirely the natural 
I)roduct obtained from distillates of coal 
tar.” About four million pounds of phe¬ 
nol were imported annually from England 
and (lermany. "During the World War 
large quantities of phenol were made syn¬ 
thetically from benzene for use as a raw 
material in the manufacture of explosives. 
At the close of the war it was estimated 
that domestic stocks of phenol, which were 
between 35 and 40 million pounds, would 
be sufficient for about threi* years’ require¬ 
ments.” “As a result the price dropped 
from about 45 cents to 6 cents a iiound and 
the synthetic plants were closed.” 

The limited quantities of phenol available 
to the synthetic resin makers prior to and 
during the [firstJ World War caused much 

106 United States Tariff Commission, Phenol, 

1 » 28 . 1 ). a. 

107 United States Tariff Comniissioii, Synthetic 
PetfinH and Their Raw Materialtt, Rept, 131, 2nd 
serieK, 1938, DI>. 13, 111. 


concern to that industry and led to research 
work for substitutes, work resulting in the 
development of many new and modified types 
of resins in which tar acids other than phenol 
were used. But notwithstanding the uses of 
these other tar acids, the increased demand 
for synthetic resins list'd up the accumulated 
stocks of phenol sooner than expected. 

Of the phenol produced in the United 
States from 1919 through 1923 a large portion 
was natural phenol but the rapid increase in 
demand and improvement of processes for 
synthetic phenol had by 1923 resulted in four 
companies beginning production of the syn¬ 
thetic article. Tlie rapid increase' in output, 
from about Ihrei' million pounds in 1923 to 
about fifteen million pounds in 1925, was 
entirely the synthetic phenol. Since then a 
large part of tlu' domestic production has 
continued to be synthetic although the pro¬ 
duction of natural phenol since 1935 has been 
about four times that of 1929.^®® 

On the other hand, from the industrial 
viewpoint, the primary source of cresols 
and xylenols, unlike phenol, is still the 
crude tar acids which are derived from 
coal tar. 

Although recognition had been made of 
the fact that cresols were present in crude 
tar acids, they were generally considered 
contaminants which had to be removed in 
order to prejiare iiure phenol. About ‘^0 
years after Laurent’s isolation of “pure” 
phenol, Southworthwas able to state 
that “it would, therefore, appear that 
o-cresol is a constituent of the cresol from 
coal tar;” However, it was not until 1878 
that Tiemann and Schotten and later 
others recognized that “cresol” from coal 
tar is in reality a mixture of three isomers. 

o-Cresol, as previously noted, is pre¬ 
pared by fractional distillation of crude tar 
acids to obtain a concentrate which is then 
refractionated to yield a product of the 
desired j)urity. Because of this compara- 

i8h Southwortli, M. S., Ann., 168, 207-76 
(1873) 

16 U Tiemann, P\, and Schotten, C., Ber., 11, 
7«7-84 (1878). 
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Fi«. 14. United States production of natural and synthetic phenol. (From data contained In 
V. 8. Tariff Commission Reports 131,13<l, 140, and 148.) 


five ease of prejiaration, o-cresol was ob¬ 
tained from crude tar acids considerably 
sooner than the m- and p-cresols, which 
distil within a boiling range of about 1%®. 
This necessitated the discovery of some 
other means of separation than distillation. 
Subsequent research has evolved a number 
of chemical separation schemes for w- and 
7 )-cresol, but even at the present time these 
two compounds are still marketed almost 
entirely as a mixture. 

In 1900, Raschig^^o attempted to make 
use of the different crystallizabilities of the 
m- and p-cresol sulfonic acids for this pur¬ 
pose. A German patent of 1902^^' em¬ 
ployed oxalic acid for the separation pro¬ 
cedure. Other early processes for meta¬ 
para separation were proposed which made 

iTOllnBchls, F., Ger. Put. 112.645 (1000). 

iTi Flrnia Rudolf Klitgerg, Ger. Pat. 137,584 
(1902). 


use of the formation of metallic salts and 
of acetyl, benzoyl, and other derivatives. 

A number of patents on the spj)aration 
of m- and p-cresol were issued in the 1930 s. 
In 1937, two United States patents 
dealt with modifications of the above-men¬ 
tioned oxalic acid method. A commercial 
mixture of w-p-cresol addition compound 
was separated by crystallization and the 
p-cresol then released by hydrolysis. As 
described in a 1939 Japanese patent,^'^^ 
m-p-cresol mixture was treated with phos¬ 
phoric acid to form the tar acid phosphates 
which were then separated by crystalliza¬ 
tion from petroleum ether and subsequently 
released by hydrolysis. Another recently 
developed method concerns the separation 
of the constituents of m-p-cresol mixtures 

iTaEnpol, K.. U. S. Pat. 2,095,801 (1937). 
GouUi, D. F., U. S. Pat. 2,099,109 (1937). 

iTsKotake, M., Jai). Pat. 133,250 (1939). 
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by alkylation with an olefin. A m-p- 
cresol fraction was treated with an olefin, 
such as isobutylene, upon which the iso¬ 
meric phenols were dialkylated and sepa¬ 
rated by fractional distillation. The indi¬ 
vidual di-tert-huty\ cresols could then be 
dealkylated to give refined m- and p-cre- 
sols. 

At present only a small part of the m-p- 
cresol fraction of tar acids is used for the 
preparation of the individual isomers, and 
that mainly by the butylation or oxalic 
acid methods. 

The study of xylenols as individual iso¬ 
mers occurring in tar acids had not re¬ 
ceived much attention before 1910. 
Schulze,^in 1887, noted the presence of 
the 3,5- and the 2,4-xylenoLs and the pre¬ 
ponderance of 3,5-isomer in high-boiling 
tar acids. In 1912, Rasohig stated that 
all of the six possible xylenols are present 
in coal tar but that the 3,5-xylenol is the 
most abundant. 

The most frequently referred to pro¬ 
cedure for the separation of the specific 
xylenols was worked out by Bruckner in 
1928.^^^ His method concerns separation 
of the xylenols by taking advantage of the 
different solubilities of the sodium salts in 
25 percent sodium hydroxide and also of 
the specific splitting temperatures of the 
sulfonic acids of these xylenols, Kester’^* 
reported that 3,5-xylenol can be prepared 
by thorough fractional distillation of tar 
acids and subsequent petroleum ether 
crystallization of the 217 to 222® C cut. 

174 Stevens, D. R., and Livingstone, C. J., U. 
S. Pat. 2,297,688 (1942). Stevens, D. R., Ind. 
Eng. Chem., 35, 666-60 (1943). 

176 Schulze, K. B., Ber., 20, 409-14 (1887). 

176 Raschig, P., Z. angew. Chem., 25, 1939-48 
(1912). 

177 Briickner, H., ibid., 41, 1043-0, 1062-6 
(1928) ; Erdol u. Teer, 4, 662-4, 680-3, 698-602 
(1928). 

178 Keeter, B. B., Ind. Eng. Chem., 24, 770-1 
(1932). 


Further purification of this xylenol may be 
effected by Bruckner's caustic precipitation 
method. 

3,5-Xylenol is the only individual di¬ 
methyl phenol which has been prepared in 
any appreciable quantity from coal tar. It 
is made by fractional distillation and crys¬ 
tallization of tar acids boiling above the 
w-p-cresol range. 

The major use of tar acids is in the 
manufacture of phenolic resins. Early de¬ 
velopments on the production and use of 
phenolic resins were limited almost entirely 
to one tar acid, namely phenol. However, 
the diverting of phenol to military pur¬ 
poses during World War I promoted the 
investigation of certain fractions of tar 
acids, cresols, and xylenols as possible 
sources of resin-forming raw materials. 
Synthetic resins now form the chief outlet 
for both the cresols and xylenols as well as 
phenol. 

Before the work of Baeyer in 1872 on 
phenol-aldehyde condensations, practically 
nothing of importance had been done on 
the utilization of phenols for synthetic- 
resin manufacture. The phenolic resins 
were among the first true synthetic resins 
to appear commercially. They were pre¬ 
ceded only by the semisynthetic products, 
celluloid in 1868 and casein plastics in 
1890. In 1891, when formaldehyde became 
a commercial item, Kleberg^®® and others 
began to investigate seriously the reaction 
of phenol and formaldehyde in the presence 
of hydrochloric acid, bases, and other cata¬ 
lysts. The results were so satisfactory that 
thereafter phenol formaldehyde condensa¬ 
tions were studied with renewed interest. 
Between 1900 and 1910 the studies in¬ 
creased not only from the standpoint of 
processes of manufacture but also in appli- 

179 Baeyer, A. von, Ber., 5, 25-6, 280-2, 1094- 
100 (1872). 

180 Kleberg, W., Ann,, 268, 288-6 (1891), 
264, .351 (1891). 
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cations as substitutes for shellac and other 
natural resins. As in practically all fields, 
it is difficult, perhaps even suiierfluous, to 
assign categorically one man or process as 
the primary precursor of that field, but, 
by virtue of their subsequent commerciali¬ 
zation, United States patents issued to 
Baekeland*'*^ became the basic patents on 
phenol formaldehyde resins, and liaekeland 
ha^ generally come to be considered the 
founder of the phenolic resin industry. 
United States production of phenol formal¬ 
dehyde molding compositions originally was 
practically restricted to one company, the 
Bakelite Corporation. However, in 1926 
the original Baekeland patents expired, and 
since then a large number of other pro¬ 
ducers have lieen established with the con¬ 
sequent phenomenal (levelojiment of the 
phenolic resin industry along with the 
younger alkyd resins. 

The term phenolic resins was first ap¬ 
plied to condensations of phenol and alde¬ 
hydes but has now come to include the iso¬ 
meric homologs of phenol, cresols, xylenols, 
and other high-boiling tar acids or any 
mixture of these materials. However, as 
late as 1987, about 66 percent of the 
United States production of tar acid resins 
was still made from pheiiol.^**^ 

In the condensation and polymerization 
of phenol and formaldehyde the first prod¬ 
uct formed is known as the A stage conden¬ 
sation product. It is usually a liquid or 
semisolid which on continued heating is 
converted to the B stage intermediate con¬ 
densation product—a thermoplastic solid. 
The final C stage product is infusible; it 
is produced by the action of heat and pres¬ 
sure on the B stage product. 

Tar acid resins find a great variety of 
applications, for molding, casting, laminat¬ 
ing, surface coating, adhesives, and other 

181 Bnekelnnd, L. H., U. S. Puts. 942,099, 
942,809 (1900). 


uses. Molding compositions may be made 
from mixtures of tar acids, but the present 
trend is toward the use of pure phenol 
itself inasmuch as better control may be 
had of purity and consequently of reaction. 
o-Cresol is of no value in molding com¬ 
pounds. w?-Cresol, when it Ls eventually 
produced at a cheaper price, should find 
wider application in this field. Pure phenol 
is also used for cast resins. Laminating and 
coating resins as well as numerous other 
t)rpes of resins are made from mixtures 
containing varying amounts of cresols and 
xylenols manufactured to the buyers’ speci¬ 
fications. 

Another important application of tar 
acids in relation to the resin industry is in 
the manufacture of tricresyl phosphate. 
This material is made from tar acids and 
phosphorus oxychloride and utilizes any 
one of several marketed grades of cresol or 
cresylic acid. Tricres}^ phosphate is used 
as a plasticizer for celluloid, cellophane, 
polyvinyl, and other resins. 

The earliest use of tar acids or fractions 
of them was in the manufacture of dis¬ 
infectants and disinfectant-containing prod¬ 
ucts. Today the second major use of tar 
acid, in terms of tar acids consumed, is in 
the disinfectant industry. Lord Lister’s 
application of phenol in 1867^'^- as a pre¬ 
ventive of blood i)oisoning was the finst 
.specific use of jihenol as an antiseptic. It 
was the standard chosen in 1908 in setting 
up the Rideal-Walker phenol coefficient 
test by which disinfectants are still rated. 
Although phenol was at one time widely 
used as an antiseptic and disinfectant, it 
has been largely displaced for these pur¬ 
poses by substituted derivatives and the 
other tar acids which are usually safer and 
have higher germicidal potency. 

The most widely used type of disinfect¬ 
ant on the market today is that made by 

182 Macewen, W., Nature, 90, 499-505 (1913). 
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the mixture of tar acids and soa]) solutions. 
The United States Bureau of Animal In¬ 
dustry specifies that permitted disinfectants 
shall contain less than 5 percent phenol. 
Standard saponified cresol solution, U.S.P., 
is compounded from U.S.P. grade of cresol, 
but other disinfectants may ])e made from 
a wide variety of tar acids as well as a 
diversity of saponifying materials. When 
made from cresols such disinfectants have a 
phenol coefficient of about 3 and about 5 
when xylenols are used. Ocsylic acid has 
been employed for many years in the manu¬ 
facture of cresylic acid hand soaps. For 
these soaps relatively low-boiling tar acids, 
the cresols, are desirable. The higher-boil¬ 
ing acids are used in the preparation of 
wool scouring soaps. 

Among the tar acid derivatives serving 
as antiseptics and disinfectants are the 
halogenated and nitrated phenols and cre¬ 
sols, butyl and other alkylated idienols and 
cresols, mercurioiffienols, and a variety of 
others. 

The synthesis of ])lienolic derivatives of 
l)harmaceutical value has continually pro¬ 
gressed since the development of phenol in 
commercial quantities. A major jiart of 
the early growth was due to Kolbe’s 
synthesis of salicylic acid from sodium 
phenolate and carbon dioxide. Salicylic 
acid is used itself or is converted into spe¬ 
cific derivatives such as salol (phenylsali- 
cylate) or aspirin (acetylsalicylic acid). In 
1940, the.U. S. Tariff Commission’s re¬ 
port on synthetic medicinal products listed 
about 20 derivatives of salicylic acid. In 
that year aspirin and salicylic acid alone 
constituted more than 00 jiercent by weight 
of all the synthetic medicinals produced in 
the United States. 

Trinitrophenol has accounted for much 
of the growth of the tar acid industry. In 

183 Kolbo, A. W. H., J. prakt. Ghem., (2), 10, 
89-112 (1874). 


1841, Laurent^®- nitrated phenol to tri¬ 
nitrophenol or picric acid, which he recog¬ 
nized as having explosive properties. This 
phenol derivative had some interest as a 
pale yellow dye for silk, but its instability 
limited its value. Shortly after 1885 when 
Turpin discovered a practical way of 
utilizing picric acid as a military explosive, 
an added impetus was given to phenol pro¬ 
duction for the manufacture of picric acid 
as an explosive. The phenomenal increase 
in demand for phenol in the first part of 
World War 1 was due to the enormous re- 
(|uirements of picric acid, ammonium pic- 
rate, and to a lesser extent of chloropicrin. 

Toward the end of the war picric acid 
was largely sui)erseded by TNT, trinitro¬ 
toluene. Among other nitro phenols which 
are becoming increasingly important is di¬ 
nit ro-o-c resol, which is receiving consider¬ 
able interest as an agricultural spray. It 
is used in the control of winter moths, 
plant lice, and leaf-sucking insects.''^''’ 

The common coal-tar phenols and their 
.substituted derivatives, unlike the naph- 
thols, have only moderate applications as 
dyestuff’ intermediates. The pre.sence of 
the jihenolic hydroxyl group generally 
makes the dye highly .sensitive to alkali, 
which necessitates the blocking or protec¬ 
tion of this group in order to obtain a 
reasonably usable dye. One of the first 
phenolic dyes was a urine or rosolic acid. 
Phenols are used in the jirejiaration of cer¬ 
tain azo and phthalein dyes. It is interest¬ 
ing to note that the phenol-derived com¬ 
pound, salicylic acid, has been used for tiie 
preparation of about one hundred dyes, 
yet in the period 1936-7 only about 5 per¬ 
cent of the total ])henol consumption of 
the United States was taken up by dyes 
and intermediates.‘“'‘ 

i84Turi>ln. 10., Fr. Pat. 107,512 (1885); Gor. 
Pat. 38.724 (1880). 

i«5 Lopwol, E. L., Gartvnbauwiss., 10, 609-24 
(1942). 
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Alkylated phenolic derivatives are used 
in the petroleum industry. Diisobutyl phe¬ 
nol has been patented as an anti-sludg- 
ing agent for lubricating oils. 2,6-Di-tcrt- 
butyl p-cresol is used commercially as an 
antioxidant in gasoline and other petro¬ 
leum products. 

PYRIDINE BASES 

or L, J I I I 

Pyridine Quinoline 

The name ^^pyridine bases’’ is generally 
meant to include pyridine and its alkyl 
homologs and also quinoline and alkyl 
quinolines, which are but benzo derivatives 
of pyridine itself. In a somewhat limited 
sense, the expression *Har bases” is synony¬ 
mous with pyridine bases, principally be¬ 
cause of the comparatively more abundant 
source of the pyridine bases in coal tar. 
In addition, aniline and homologs of the 
pyrrole series are also classed in the tar- 
base category. 

Studies of the alkaloids are usually pref¬ 
aced by a review of the chemistry of pyri¬ 
dine bases. Conversely, any consideration 
of the pyridine bases will also find it neces¬ 
sary to include the alkaloids, because some 
modifications of the pyridine or quinoline 
molecule are important constituents of 
many alkaloids. In fact, most of the bases 
found in coal tar have at one time been 
made from the alkaloids. Pyridine is fre¬ 
quently considered one of the simplest 
members of the alkaloid group. Of the 
more common alkaloids, nicotine from to¬ 
bacco, piperine from pepper, and conine 
from hemlock contain the pyridine nucleus, 
whereas cinchonine and quinine of the cin- 

1 H6 Cantrell, T. L., U. S. Pot. 2,196,610 (1940). 

187 StevenB, D. R., and Gruae, W. A., U. S. 
Pat. 2,265,682 (1941). 


chona group have the quinoline configura¬ 
tion. 

Dry distillation of nitrogen-containing 
materials, such as the vegetable alkaloids 
and animal oils, led to the first recognition 
of volatile organic basic substances. The 
odorin which was separated from bone oil 
by Unverdorben in 1827 was not char¬ 
acterized much beyond its obvious prop¬ 
erty of possessing a foul odor. In 1846 
Anderson,^®® in studying naphtha from coal 
tar, isolated a base, by sulfuric acid extrac¬ 
tion, neutralizing with ammonia and sub¬ 
sequent distillation, which he considered 
similar to odorin. A characterization of its 
properties caused him to believe that he 
had a pure compound. He called it pico- 
line. It is quite likely that this material 
was a crude grade of a-picoline. None the 
less, this was the first reported instance of 
a systematic study of the pyridine molecule. 
The early literature on the pyridine bases 
is large l)ecause of their relation to the 
alkaloids; it has been summarized by Calm 
and von Buchka.^®® 

Concurrently with his discovery of phenol 
in coal tar, Runge,^®^ in 1834, also found 
three bases, one of which he called leukol. 
In 1842, Gerhardt ^®® obtained chinolein by 
caustic potash distillation of quinine and 
strychnine. Hofmann ^®i showed that leukol 
and chinolein were identical. The name 
quinoline or chinoline was gradually 
adopted thereafter, although “leucoline” 
still continued to appear in the earlier 
literature. 

188 Unverdorben, O., Pogg. Ann.^ 8, 263-05 
477-87 (1826), 11, 69-74 (1827). 

180 Anderson, T., Trana. Roy. 8ov. Edinburgh, 
16, 123-36 (1846) ; Edinburgh New Phil. J., 4i, 
146-66, 291-300 (1846); Ann., 60, 86-103 

(1846). ('•aim, A., and von Buchka, K. H., Die 

Chemie tfea Pyridinra und seiner Derwate, P. 
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Pyridine and the lower-boiling homologs 
are obtained from coal carbonization prod¬ 
ucts, both at the coke plant, from the am¬ 
monia saturator liquor, and from distil¬ 
lates of coal tar. A review of the coke- 
plant recovery of low-boiling pyridine bases 
is given by Hill in Chapter 27. The recov- 
'ery of crude pyridine bases from coal tar 
is made by sulfuric or sometimes hydro¬ 
chloric acid extraction of the lowest-boiling 
distillates which are obtained in the redistil¬ 
lation of crude naphthalene or tar acid oils. 
Extraction with acids is usually preceded 
by caustic extraction in order to remove 
phenols. Sulfuric acid combines with the 
pyridine bases to form the water-soluble 
sulfates which are separated from the non- 
aqueous oils by decantation. The acid-tar 
base sulfate solution may first be steamed 
in order to volatilize dissolved oils, or it 
may be directly neutralized with caustic 
soda or ammonia whereby crude pyridine 
bases are regenerated, which, after drying 
over caustic soda or by distillation with 
benzene, are ready for purification by frac¬ 
tional distillation. 

A good grade of jiyridine from coal tar 
was isolated by Williams in 1855. He 
olitained the compound by fractional distil¬ 
lation of the crude bases, removal of ani¬ 
line with nitric acid, and fractional crystal¬ 
lization of the platinum salts of the result¬ 
ant bases. The fraction boiling at 116° C 
was considered to be ]iyridine. This boiling 
point approximates the best value given for 
pyridine today. 

jCJ-Picoline, the second pyridine homolog 
in order of ascending boiling point, was first 
found in coal tar by Mohler in 1888, al¬ 
most two decades after it had been pre¬ 
pared synthetically. Schulze and Laden- 

102 WilllumH, C. G., Edinburgh New Phil, J., 
2 , 324-31 (1855). 

inaMohlor, J., Ber., 21, 1006-15 (1888). 


burg are credited with the first prepa^ 
ration of y-picoline from coal tar. A con¬ 
siderable number of reports have been pub¬ 
lished on the isolation of the aforemen¬ 
tioned bases as well as on the resolution of 
tar-base mixtures of the dimethyl- and tri- 
methylpyridines. Heap and others have 
reported the separation of high-grade pyri¬ 
dine and a-picoline by fractional distilla¬ 
tion and subsequent alcohol recrystalliza- 
tion of the zinc chloride salts of these bases. 
One method of obtaining pure grades of 
/S^-picoline, y-picoline, and 2,6-lutidine from 
their narrow boiling-range mixture was re¬ 
ported by Lidstone in 1940.^®“ His method 
consisted of recrystallization of the oxalic 
acid salts of the picolines and of the mer¬ 
curic chloride salt of lutidine. 

In 1942, Cislak and Wheeler patented 
two processes for the purification of /3-pico- 
line. Crude j8-picoline was reacted with 
sulfur or was catalytically oxidized under 
such conditions that substantially only the 
contaminants y-picoline and a,a-lutidine 
were affected. The unreacted jS-picoline 
was then separated from each of the re¬ 
action mixtures by distillation or by aque¬ 
ous extraction followed by distillation. 

Developments in improved fractional- 
distillation techniques and equipment have 
permitted direct separation of jiyridine and 
a-picoline from their tar-base mixtures and 
have obviated the necessity for chemical 
treatment save where two or more pyridine 
homologs have approximately the same 
boiling range. 

Just as Kekule's proposal for the chemi¬ 
cal configuration of benzene opened the 

194 SfhulKe, K. E., Ber., 20, 409-14 (1887). 
Eadenburg, A., Ann., 24T, 1-08 (1888). Stochr, 
C., J. prakt. Chem., (2), 48, 154-6 (1891). 

195 Heap, J. G., JoneH, W. J., and Speakman, 
J. B.. J. Am. Ohem. 8oo., 43, 1036-40 (1921). 

190 Lidstone, A. G., J. Chem. Boc., 148, 240-3 
(1940). 

197 Cislak, P. B., and Wheeler, W. R., IJ. S. 
Pats. 2,272,159, 2,300,741 (1942). 
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door to a logical study of aromatic com¬ 
pounds, the establishment of a trustworthy 
structure for the pyridine molecule fur¬ 
thered the understanding of heterocyclic 
compounds. The formula for pyridine, and 
concurrently for quinoline, was arrived at 
independently by Kcirner and Dewar. 
They agreed that the benzene configuration 
could be applicable to pyridine by substi¬ 
tution of nitrogen for one of the CII groups 
in the benzene ring. By analogy, quino¬ 
line would then have the same relationship 
to pyridine as naphthalene has to benzene. 
The considerations by which this structural 
formula was evolved were the subject of 
an interesting review by Dobbin in 1034.^”” 

Several methods for the syntheses of 
pyridine derivatives are of a limited nature 
or yield complex mixtures of the bases and 
are costly because of the reagents required. 
a-Picoline was prepared from the sulfate 
of the alkaloid sparteine by distillation over 
zinc dust,^®° and y-picoline by the thermal 
rearrangement of pyridine methiodide.-*^^ 
j^l-Picoline was first made, by Baeyer in 
1870, from acrolein and ammonia. Among 
the general methods for the synthesis of 
pyridine homologs is that of Schwartz-®* 
from glycerin, jihosphorus pentoxide, and 
ammonium phosjihate. This method is 
basically the same as Baeyer’s. Another 
classic jirocedure is the Ilantzsch syn¬ 
thesis,*®^ in which the reactants are a 
j8-ketonic ester or diketone and an aldehyde 
and ammonia. A comprehensive review of 

108 Koriier, W., Compt. rend., 09, 475-7 

(180U) ; Iter., 2. 219-20 (1809). Dewar, J., 
Chem. Nvies, 28, 38-41 (1871). 

100 Dobbin, L., J. Chem. Education, 11, 596- 
600 (1934). 

aooAhreuH, F. B., Her., 2«. 3035-42 (1893). 

201 LaiiKe, D., Her., 18, 3436-41 (1885). 

20 JBHe.ver, A. von. Ann., I.'IS, 281-311 (1870). 

208 Sdiwartz, P., Ber., 24, 1676-8 (1891). 

204 niuitZHdi, A., Ann., 215, 1-82 (1882). 

HolUiiK, (’.. FtjfnthCHlH of Nitrogen Bing Com¬ 
pounds Containing a (tingle Hetero-Atom (Nitro¬ 
gen), ErneHt Benn, Londun, 1924, 423 pp. 


these syntheses has been made bj'^ Hol¬ 
lins.*®^ 

Although numerous references are found 
on the separation of pyridine and methyl- 
pyridines from coal tar, quinoline and its 
homologs have not received such extensive 
study. The reasons for this situation are 
the difficulties of separating the components 
of a coal-tar quinoline mixture and, more 
particularly, the discovery of excellent syn¬ 
thetic preparation schemes. One exception 
to this is the investigation of high-boiling 
crude coal-tar bases as reported by Jant- 
zen *®‘'’’ in 1932. His initial crude material 
had an approximate boiling range from 230 
to 265“ C and was substantially free of 
methylated jiyridines. After the removal 
of nonbai^ic contaminants the material was 
subjected to a rough fractionation under 
vacuum. A cut was obtained which con¬ 
tained essentially only quinoline and tliose 
bases boiling up to 265® C. The method of 
separation of the constituents of this cut 
consisted of thorough fractional distillation 
and recrystallization of the sulfates of the 
resultant fractions which contained com- 
jumiids of approximately the same boiling 
range. The following table indicates the 
relative proportions of quinolines and iso¬ 
quinolines which were found by Jantzen in 
his high-boiling bases: 

Percent 


Quinoline 41.03 

Isoquinoline 13.02 

2- Methylquin()line 10.60 

3- Methylquinoline 1.79 

4- Methylquinoline 5.70 

5- Methylquinoline 0.30 

6- Methylquirioline 1.80 

7- Methylquinoline 1.35 

8- Methylquinoline 1.46 

l-Methylisoquinoline 1.04 

3-Methylisoquinoline 2.05 


2 o.'i Jantzen, E., Das fraktlonierte DistilUeren 
and dan fraktlonierte Verteilen als Methoden 
zur Trennung von (ttoffgemischen, Verlag Cheniie 
(J.ni.b.U., Berlin, 1932, pp. 117-37. 
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2 , 8 -Dimethylisoquinoline 

1 , 3 -Dimethylisoquinoline 

Percent 

0.75 


Base C 10 H 9 N (F.P. 85-86°) 

0.05 

6 -Methylisoquinoline ? 


Base C 10 H 9 N (F.P. 76°) 

0.08 

Base C 7 H 6 NS (F.P. 49.50°) 

0.10 

Thioisoquinoline ? 



Quinoline was first synthesized by Ko- 
nigrs uoo j,j i §79 passing allylaniline over 
hot lead. The Skraup synthesisof a 
year later consisted of reacting a primary 
amine, glycerin, and sulfuric acid and the 
use of nitrobenzene as an oxidizing agent. 
This method, with its modifications for 
methyl(|UinolHies by Doebner and Mil¬ 
ler,and others, has continued to be use¬ 
ful although a number of ramifications 
have since been introduced as well as some 
basically dilTerent methods. 

At present the sejiaration of quinoline 
from coal-tar bases has again become com- 
jietitive to the synthetic Skraup ]irocess. 
Suitable coal-tar distillates, which have an 
appreciable concentration of oils boiling in 
the range from 235 to 240° C', are extracted 
with dilute sulfuric acid. The resultant tar- 
base sulfates are then alkalized to release 
the bases from which (luinoline is jirepared 
by thorough fractional distillation. 

One of the earliest commercial applica¬ 
tions of pyridine bases was m the purifica¬ 
tion of anthracene.-’^’’' A number of pres¬ 
ent-day mcTliods for the preparation of an¬ 
thracene from coal tar also re(|iure the 
use of pyridine bases. The pyridine bases 
have excellent solvent properties for most 
organic materials but merit a certain un- 

200Konigs, W., Bvr., 13, 453 (1879). 

:i07 Skraup, Z. II., Monatah., 1, 31(i-8 (1880). 
Gilman, H., and Hiatt, A. H., Organic mgnthCHca^ 
.Inhn Wiley & Sous, Now York, 1941, rolleotivo 
Vol. I. pp. 478-82. 

208 Doobnor, O., and Millor, W. v., Her., 16, 
1004-7 (188.3). 

201 ) Chomischo Fabrik A.-G., Ger. Pat. 42,053 
(1887). 


popularity because of their noxious odor. 
A difficulty in their use as solvents has been 
the frequent failure to recognize the influ¬ 
ence of water contamination. In 1909, 
MacKenzie pointed out that pyridines 
form a constant-boiling hydrate whose ^sol- 
vent properties are greatly inferior to 
those of dried pyridines. The disagreeable 
odor of pyridine bases has accounted for 
their most important early demands, 
namely, for the denaturization of alcohol. 
In 1910, Germany alone used about 1.5 mil¬ 
lion pounds of pyridine bases for this pur- 
pose.^^* This same denaturant, along with 
methyl alcohol, was formerly important in 
the United States. The bases used were 
principally those boiling u)) to 100° C. 

Since 1930 a great deal of new interest 
has develojied in pyridine bases, primarily 
from the pharmacology standpoint. Since 
first ])repared, by Ewins and Philli])s in 
England, sulfaT)yridine has been used in 
every type of infection for which sulfanila¬ 
mide has been found effective. In many 
pneumococcal infections it appears to be 
superior, although further investigations 
are being pursued to ascertain its position 
more fully. Uses of sulfa pyridine or its 
sodium salt have been rejiorted in cases oi 
staphylococcal, gonococcal, and streptococ¬ 
cal infections.-^- The extensive application 
of this drug may be realized from the fact 
th.‘it in 1940 the United States production 
of sulfapyridine and its sodium salt was 
over 102,000 pounds.-^''* 

The nicotinic acid and nicotinamide now 
pojiular for food enrichment may be pre- 
pared from pyridine, ^-picoline, quinoline, 

210 K. (i., 2nd. Eng. Chcm., 1, 
3«(»-2 (1909). 

211 LmiKt*. G., Vol. II, p. 903, of rof. 59. 

-M 2 .IfiikinH, G. L., and Hnrturiff, W. II., The 
Vhcmiatrg of Organic Medicinal J^roducta, John 
Wiloy ic Sons, New York, 2nd ed., 1941, pp. 
424-5. 

213 United States Tariff Commission, Bjjn- 
thctic Organic Chemicals, 1940, pp. 23, 40. 



1354 


THE CHEMICAL NATURE OF COAL TAR 


or nicotine. The relation of nicotinic acid 
to pellagra was reviewed by Elvehjem in 
1940. Some of the prophylactic measures 
taken against this deficiency disease have 
been in the direction of the fortification of 
certain foods with nicotinic acid and, par¬ 
ticularly, nicotinamide. 

In 1935, Binz pointed out the use of 
certain iodopyridines, specifically, the 
sodium salt of 5-iodo-2-pyri(lone-N-acetic 
acid, as a superior X-ray contrast sub¬ 
stance in urology. It was claimed that the 
human system can safely take much more 
iodine in this form than in those previously 
used. Pyridine arsonic acids have in like 
manner i)ermitted the larger assimilation of 
arsenicals in therapeutic practice. 

Since its successful prepariition by Tschit- 
schibabin in 1915, from pyridine and 
sodamide, 2-aminopyridine has had exten¬ 
sive use in medicine in the preparation of 
sulfapyridine, 2-pyridyl-N-pyrrole, and 
other compounds. The primary amino 
group in this and other aminopyridines 
may be diazotized and coupled to give 
dyes. 

Hydrogenation of pyridine can be car¬ 
ried out elect roly tically to produce hexa- 
hydropyridine or piperidine. This com¬ 
pound is a strong base, and from it is 
made a rubber accelerator, ])iperidinepenta- 
rnethylenedithiocarbonate. 

Quinoline and its derivatives are of in¬ 
terest to i)harmacology if for no other rea¬ 
son than because of their relationship to 
quinine. A considerable amount of work 
has been done in the search for anti-ma¬ 
larial substitutes for quinine. Much of this 
research concerns quinoline and methyl- 
quinolines. 

214 Elvulijoin, C. A., Physiol. Revs.^ 20, 249-71 
(1940). 

215 111119!, A.. Anifviv. Chrm., 48, 425-9 (1935). 

2i« THohitHchibahin, A. E., and Seido, O., Chfm. 

Zentr., 80, I, 1004 (1916). 


Of the synthetic quinoline derivatives, 
8-hydroxyquinoline or chinosol is one of the 
most widely knowm. It is used as an anti¬ 
septic and as an analytical reagent. Its 
derivatives are used as iodoform substi¬ 
tutes and as photographic sensitizers. 
Coupling of hydroxyquinoline can yield azo 
dyes which have moderate significance. 
Among other quinoline-derived medicinals 
are oxyquinoline citrate, sulfate, tannate, 
and benzoate, and iodoxyquinoline-5-sul- 
fonic acid. 

The total United States production of 
quinoline dyes in 1940, as reported by the 
Tariff Commission,-^was 273 pounds. Of 
these, quinoline yellow is the most impor¬ 
tant. It is made from methylquinoline and 
phthalic anhydride and is a commercially 
important, fast, greenish yellow dye. Some 
of the most useful photographic sensitizers, 
the carbocyanines, isocyanines, and cya¬ 
nines, arc synthesized from the quinoline 
bases. 

CARBAZOLE 


H 

I 



Ctirba/()k‘ 

(dibcn7.opyrrole; dlplicnyk'tiimlde) 

The only coal-tar pyrrole derivative which 
has attained industrial imiiortance is carba- 
zole. Although compounds of the pyrrole 
series appear throughout most of the distill¬ 
ing range of coal tar, they have been gen¬ 
erally considered but minor impurities oc¬ 
curring along with other coal-tar materials 
and seldom as specifically separable com¬ 
pounds. Higher-boiling pyrroles such as 
the indoles or benzopyrroles have been iso¬ 
lated from coal-tar oils but not in sufficient 
quantities to merit much commercial in- 
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terest. Kruber has done outstanding work 
on these compounds.^^’^ 

Carbazole may be considered as the di- 
benzo homolog of pyrrole. Its name is de¬ 
rived from the fact that, although the 
compound contains nitrogen, it has some¬ 
what the general characteristics of a hydro¬ 
carbon. 

Carbazole is found in the crude anthra¬ 
cene fraction of coal tar. It was discov¬ 
ered in 1872 by Griibe and Glaser-^® inci¬ 
dentally to their purification of anthracene 
by caustic potash fusion. The alkali melt 
from their fusion when separated and hy¬ 
drolyzed yielded crude carbazole. Although 
some methods for the i)urification of anthra¬ 
cene have aimed at the elimination of car¬ 
bazole alone, most i)roccdures try to in¬ 
corporate the simultaneous isolation of car¬ 
bazole and anthracene and even to effect 
some purification of phenanthrene. 

Carbazole is the imide of diphenyl. It 
is a very weak base and has an active 
hydrogen on the nitrogen atom which is 
readily displaced by alkali and other groups. 
These properties plus its solubility charac¬ 
teristics are factors which have been u^ed 
in separating the compound from coal-tar 
fractions. 

The preparation of carbazole from crude 
coal-tar anthracene is the subject of numer¬ 
ous reported investigations both academic 
and patent. A majority of the procedures 
deal with some ramifications of Gnibe’s 
original caustic fusion i)rocess. 

Portheim’spatent, 50 years after 
Griibe, may be cited as an example of this 
caustic treatment. According to this pat¬ 
ent, potassium hydroxide is caused to react 
with a solvent naphtha solution of a par¬ 
tially purified anthracene cake. Insoluble 

217 Kruber, O., Bar., 02B, 2877-80 (1929). 

2iHGrabc, C., and Glaser, C., Bvr., S, 12 5 
(1872); Ann,, 163, 343-60 (1872). 

210 Portheim, E., U. S. Pat. 1,404,055 (1922). 


potassium carbazolate is precipitated and 
separated from the hot solution of anthra¬ 
cene and oils, after which carbazole is re¬ 
generated by hydrolysis. 

Hydrogenation procovsses are also fre- 
quentl}’ mentioned. In these methods 
the crude material is hydrogenated, gener¬ 
ally at elevated temperatures and in the 
presence of catalysts, whereby anthracene 
and other solid hydrocarbons are converted 
to liquids from which the unreacted carba¬ 
zole may be separated by crystallization. 

Solvent treatments have been commonly 
reported for the concentration of carbazole 
or even for its ultimate purification. The 
l)est known of these are recrystallization 
from pyridine bases in which the carbazole 
is concentrated in the mother liquor 
Other solvent methods include crystalliza¬ 
tion from tar acids benzene, ace¬ 
tone, or carbon tetrachloride.--^ Distilla¬ 
tion or sublimation of crude anthracene 
along with solvents is listed among the 
methods of purifying carbazole. Among 
them may be mentioned the use of frac¬ 
tions of creosote oil.--^ 

A partial concentration of carbazole may 
be made by reacting crude anthracene with 
maleic anhydride, whereby the anthracene 
is removed as an alkali-soluble addition 
jiroduct.’’^® 

Still other prejiaration methods depend 
upon the specific reactivity of the carba¬ 
zole nitrogen group. Treatments of a crude 
carbazole concentrate with strong sulfuric 
acid have been reported in which the im- 
imrities are destroyed by sulfonation and 

2:20 KuHiika, Y.. and Kayamori, A., J. Soc. 
C/n’/n. Jml., Jaiinn, 44, No. 1, Suppl. Binding, 23 
(1941) ; Vhern. Ab«., 35, 6108 (1941). 

221 Gluxiiian, Ij. I)., IJkrain. Khem. Zhur., 12, 
367-K (1937). 

222L(*roiix, H., U. S. Pat. 1,318,212 (1920). 

223 Thatcher, C. J., U. S. Pnt. 1,672,630 
(1928). 

224 Kciiiigutl, E., Chem.-Ztg., 56, 969-70 

(1932). 
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carbazole is regenerated upon aqueous dilu¬ 
tion.When a lower temperature and 
solvent dilution are used, an insoluble car¬ 
bazole sulfate is formed and the anthracene 
and other impurities are unaffected. Yura 
and Oda^iio reacted crude anthracene with 
formaldehyde, alcohol, and sodium bisulfite. 
The alcohol-soluble N-methylcarbazole was 
formed which was then separated from the 
insoluble anthracene and reconverted to 
carbazole. Carbazole is usually manufac¬ 
tured by the caustic potash processes. 

The syntheses of carbazole and its deriva¬ 
tives have been about as numerous as those 
dealing with its prei)aration from coal-tar 
fractions. A brief mention will be made of 
but a few. 

The earliest procedure was discovered by 
Griibe**^^ at about the same time that he 
found carbazole in crude coal-tar anthra¬ 
cene. He pyrolyzed aniline and diphenyla- 
mine by passing them through a hot tube. 
The yields of carbazole were very poor. 
Most of the subsctiuent syntheses have also 
been of a jiyrolytic nature. The use of 
various catalysts has greatly increased the 
carbazole yields from the above-mentioned 
starting materials. Zelinsky and others--^ 
claimed to have obtained good yields of 
carbazole by pyrogenesis of Griibe’s initial 
materials at a temperature of near 300® C 
and in the presence of a dehydrogenating 
catalyst such as iilatinum and charcoal. 
Morgan and Walls prepared carbazole 
by the pyrolysis of o-xenylamine along 
with an oxidation catalyst. In 1891, Tau¬ 
ber"^® effected a (luantitative formation of 
carbazole by heating 2;2'-diaminodiphenyI 

22BWel8H, J. M., TT. S. Pnt. 1,301,700 (1919). 

226 Yurn, S., and Oda, K.. J. Soc. Chem. Jnd. 
Japan, 43, Supid. lUndinK, 392-3 (1940). 

227 (}riUM‘, C., Ann., t«7, 125-30 (1873). 

228 Z^'llnnky, N. I>„ Tllz, I., and Oavordov- 
skaya, M., fltr., 5«B, 2590 3 (1920). 

22« Morgan, (}. T., and Walls, I... I*., J. Hvc. 
Chrm. Ind., R7. 358-300 (1938). 

23oTauber, E., Ber., 24. 197-201 (1891). 


with its hydrochloride. He also introduced 
a later modification which consisted of 
tetraiizotizing this diamine and then react¬ 
ing it with potassium sulfide. 

The principal use of carbazole is in the 
preparation of Hydron Blue dyes. They 
comprise a series of blue vat dyes which 
have to some extent displaced Indigo and 
Indanthrene dyes because of their superior 
fastness. Hydron Blue R is prepared by 
condensing p-nitrosophenol with carbazole 
in the presence of sulfuric acid and reacting 
the resultant ice-precipitated solid with an 
alkali polysulfide. A blue vat dye results. 
If the last reaction is carried out with an 
excess of sulfur, blue dyes are formed 
which are easily soluble in alkaline hydro- 
sulfide and are therefore used as vat dyes 
and not as sulfur colors. Among other car¬ 
bazole dyes are Hydron Blue G which is 
formed from N-ethylcarbazole instead of 
carbazole, Hydron Yellow’ G from N-etliyl- 
carbazole and phthalic anhydride, and Car¬ 
bazole Yellow’ from diazotized diaminocar- 
bazole coupled w’ith salicylic acid. 

In 1937, Armour and Company patented 
processes for the Friodel-Crafts synthesis 
of various carbazole alkyl ketones by con¬ 
densing carbazole and certain long-chained 
aliphatic acid chlorides. The resultant 
products such as 2-stearylcarbazole and 
2,8-dilaurylcarbazc)le have been suggested 
as being useful in electrical insulations, as 
w'axing and polishing compounds, and for 
addition to lubricating oils.-^^ 

Marqueyrol reported a study in 1928 on 
the use of carbazole as a stabilizer for 
smokeless powder.-^- 

Production of resins from carbazole and 
olefins is the subject of several recent pat¬ 
ents. One, in 1933, deals wdth the prejia- 

231 UnlHton, A. W., and ("hristonspii, (^. W'., 
U. S. Put. 2,101,559 (1937). 

2 .T 2 Murinipyrol, M., poudren, 23, 158-77 

(1928). 
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ration of a soft resinous product from pro- 
pene and carbazole in the presence of a 
hydrosilicate material More interesting 
resins appear to be those obtained from 
N-vinylcarbazole, which has been reported 
in a number of patents to the T. G. Farben- 
industrie Aktiengesellschaft. One of these 
deals with the reaction of carbazole \nth 
vinyl chloride to form N-vinylcarbazole, 
which, by polymerization, is claimed to give 
resins possessing unusual properties.-^^ 

Compounds from the Carbonization 
OF Coal 
With 

Susan E. Woolridoe 

Many lists of compounds rei)orted found 
ill coal tar have been published, among 

Ii3a Michel, II., U. S. Pat. 1,91«,«29 (1033), 

334 Reppe, W.. and KeyHsii<‘r, E, U. S. Pat. 
y.nno.ldP Keyssner, E, and VVolff, W. 

r. S. Pats, 2,123,733-4 (1938). Keppe, W., 


them one by Fisher m 1938.-^® A new list 
is given in Table XIX, where the com¬ 
pounds identified from the low- and high- 
temiieranire carbonization of coal are ar¬ 
ranged in order of ascending boiling points 
at normal atmospheric pressure. Both mer¬ 
cury and germanium have also been 
reported present in coal tar, and traces of 
other elements have been found, mostly in 
pitch coke.-^'’ 

Koyssner, E., and Nicolai, F., U. S. Pat. 2,153,993 
(1939). Dykatra, H. B., and JacobHoii, R. A., 
IT. S. Pat 2,238.082 (1941). 

aasFlHhcr. C. H., V. 8. Bur. Mines. Bull. 412 
(1938), 70 pp. 

-•aaAKtoii, W.. 2>/aiurr, 119, 489 (1927). 
Kirby, W., ./. 8oe. Chem. Ind.. 4«. 422 (1927). 

237 (JoldHchmidt, V. M.. Nachr. Ges. Wiss. 
Gottingen, Mnth.-physik. Klasse, 1930, 1-4, 

Kostrikin, V. M, ./ Applied Chein. (U.S.S.R.), 
12. 1449-54 (1939). 

23H (''hiirchill, H. V., private conminnicatlon. 
April 1, 15)32. Dcinann, W., Tech. Mitt. Krupp, 
4, 1-7 (1930). 


TABLE XIX 

Compounds Identified from the (Carbonization of Coal 

(The first reference given is that of the boding point and may or may not refer to coal tar. The H or L after the 
melting point indicates when the compound has been identified only from high- or from low-temperature carboniza¬ 
tion; otherwise it has been found in both. d. =» decomposes, s. = sublimes.) 


No. 

Compound 

Formula 

Boiling 

Point 

Melting 

Point 

H L References 

1 . 

Hydrogen 

H2 

-252 .5® 


239; 240-2 

2. 

Nitrogen 

Nz 

-194° 


239; 240-2 

3. 

Carbon monoxide 

CO 

-190° 


239; 240-1, 243 

4. 

()xygen 

O^ 

-183° 


H 244:240 

5. 

Methane 

CH4 

-161.7° 


245; 240, 246 7 

6 . 

Ethylene 

C 2 H 4 

-103 7° 


248, 240, 247, 249-50 

7. 

Ethane 

CzHe 

-88.0° 


245; 240, 246-7 


23J» Schulz, F.. and Buschmaiin, W., Btahl u. 
BiMcn, 4.'5, 1232-42 (1925). 

240 Bronn, J., Z. angein. Chrm., 42, 700-8 
(1929). 

241 Gentry, P. M., The Technology oj Low 
Temperature Carbonization, Williams and IVIl- 
klns, Baltimore, 1928, 399 pp. 

242 Porter, H. C., p. 323 of ref. 9. 

243 Schultz, G., Die Chemie des Steinkohlen- 
teers. Viewer? & Solin A.-G., Braun sell weiff, 
1920, 507 pp. 

Handbook of Chemistry and Physics, Chem¬ 
ical Rubber Publishing Co., Cleveland, 23rd ed., 
1939. 


24.'i Mair, B .T., Glasgow, A. R., Jr., and Ros¬ 
sini. F, 1)., J Hi search Natl. Bar. Btandards, 
27, 39-03 (1941). 

240 Laniler. ('. H., and M<*Kay, R. F., Low 
Temperature Carbonization, I>. Van Noslrnnd & 
Co., New York, 1924, 275 pp. 

247 Lunge, G., ref. 59, 

24K Egan, (\ J , and Kemp, J. D., J. Am. 
Chem. Hoc., 59, 1204-8 (1937). 

24H Scliiitz, F., Biisclirannn, W., and Wisse- 
bttcli, 11., Ber., SOB, 809-74 (1923) . 

2 .'io Wclndel, A., Brennstoff-Chem., 4, 321-8 
(1923). 
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* TABLE XIX —Continued 

Compounds Identified from the Carbonization of Coal 


No. 

Compound 

Formula 

8. 

Hydrogen chloride 

HCl 

9. 

Acetylene 

C 2 H 2 

10. 

Carbon dioxide 

CO 2 

11. 

Hydrogen sulfide 

H 2 S 

12. 

Propylene 

CsHb 

13. 

Propane 

CsHg 

14. 

Allene 

C 3 N 4 

16. 

Ammonia 

NHa 

16. 

Allylene (methylacetylene) 

C 3 H 4 

17. 

Cyanogen 

C 2 N 2 

18. 

Sulfur dioxide 

8 O 2 

19. 

Butene-1 

C 4 H 8 

20. 

1,.3-Butadiene 

C4H« 

21. 

n-Butane 

C4H,o 

22. 

Butene-2 

C 4 H 8 

23. 

Methylmercaptan 

CH 4 S 

24. 

Ethyiacetylene 

C 4 H 8 

26. 

1-Methylallene 

C4He 

26. 

Acetaldehyde 

C 2 H 4 O 

27. 

Hydrogen cyanide 

HCN 

28. 

Crotonylene (dimethylacetylene) 

C4H« 

29. 

Methylbutane 

CeHia 

30. 

Isopropylaoetylene 

CbHs 

31. 

2-Methylbutadiene 

CsHb 

32. 

n-Peutane 

CsIIia 

33. 

Pentene-2 

CbHio 

34. 

Ethylmercaptan 

CsHgH 

36. 

Dimethylsulfide 

CaHeS 


251 Diitnon, W. A., 6Qth Ann. Kept., Alkali d 
Vo. WorkH, 06, 21-8 (1030). 

252 .Touch, 1). T., and Wlicclcr, R. V., J. Ghem. 
Koc., 105, 140-51, 2502-5 (1014). 

253 UurgPHH, M. ,7., a ml WIhmUcp, K. V., ibid., 
105, 131-51 (1014). 

254 Brittain, A., Rowe, F. M., and Sinnatt, F. 
S., Fuel, 4, 263-0, 200 307, 337-40 (1025). 

255 MniiHfleld, C. B., ref. 64. 

250 Morgan, .T. J.. and Soule, R. P., Chem. d 
Met. Eng., 20, 02.3-8, 077-81 (1022). 

257 Anlidown, A. A., Harris, L., and Arm¬ 
strong, R. T., J. Am. Vhem. Sac., 58, 850-2 
(1036). 

258 Eglofr, G., Vhyeival Consiante of Hydro¬ 
carbons, Reluhold l*ubliHhing Copp., New York, 
1030, Vol. 1, 416 pp. 

259 Harzor, A., J. Gusbeleucht., 50, 760 (1013). 

260 Spllker, A., ref. 50. 

261 Harzer, A., */. GaMheleurht., 57, 622 (1014). 

262 McLeod, J., J. Roc. Chem. Ind., 20, 137-0 
(1007). 

263 Simmersbach, ()., Colliery Guardian, 100, 
1020 (1015). 

264 MorehoUHO, F. R., and Maass, (>., Can. J. 
Research, 11, 637- 43 (1934). 


Boiling 

Point 

Melting 

Point 

H-L 

References 

-83.7® 



244; 241, 261-2 

-82® 



244; 240, 263 

-80® 



239; 240-1, 243 

-61.8® 



244; 243, 263-6 

-47.6® 



267; 240, 249-50 

-42.2® 



246; 246-7 

-34.3® 

-136.1® 

H 

2.68; 269 

-34® 



239; 241, 247, 260 

-23.6® 



246; 261 

-20..6® 



244; 242, 262-3 

-10.0® 


H 

244; 247 

-6.1® 



264; 243, 249-50, 265 

-4.5® 

-108.7® 


266; 243, 249-50, 259, 260 

-0.5® 



267; 247, 249, 268 

-1-1.0® 


L 

264; 240 

6® 



269; 249, 270-2 

18® 


H 

261 

18® 


H 

269 

20.2® 

-123.45® 

L 

273; 249, 254, 272, 274-5 

26® 

-14® 


239; 241-2, 276 

27.1® 


H 

264; 243, 261, 270 

27.9® 


L 

267; 247, 249 

28® 


H 

261 

ca. 36® 


H 

259 

36.1® 



207; 243, 247, 249, 268, 270, 

36.3® 


L 

277 

278; 239 

37® 


H 

260; 269, 271, 279 

37.6® 



269; 249, 271 2 


205 AhrenH, B., Z. angew. Chem., 17, 1518 
(1004). 

200 Lamb, A. B., and Roper, K. E., J. Am. 
Chem. 8oc., 02. 806-14 (1940). 

267 Mair, B. Glasgow, A. R., Jr., and Roh- 
sini, F. D., J. Kescareh Natl. Bur. Standards, 
27, .30-63 (1041). 

208 Sebiitz, F., BiiHcbmann, W., and Wiase- 
bach, H., Ber., 57B, 421-3 (1924). 

269 Warnes, A. R., ref. .50. 

27oHolbing, K., Ann., 172, 281-97 (1874). 

271 MalatcKta, G.. ref. 50. 

272 SchUtz, F., Brennstoff-Chem., 4. 84 (1923). 

273 Landolt-Burnstein, Physikaliseh-Chemisehc 
Tabellcn, Springer, Berlin, 5th ed., 1923. 

274 KeattT, E. B.. and Daeschner, H. W., Car¬ 
negie Inst. Tech. Coop. Bull., 54 (1032), ,31 pp. 

275 Sebiitz, P., Ber., 50, 162-9 (1923). 
27GSperr, P. W., Jr., U. S. Pat. 2,140,605 

(1938). 

277 Seborleniiner. (’., Ann., 12.5, 103-14 (1862). 

278 Parks, G. S., and Huffman, H. M., ,/. Am. 
Chem. Sac., .52, 4381-91 (10.30). 

279 Kruber, O., and Sebade, W., Brennstoff- 
Chem., 14, 124-8 (1033). 





















COMPOUNDS FROM THE CARBONIZATION OF COAL 1369 

TABLE XIX—Continued 

Compounds Identified from the Carbonization of Coal 


Boiling Melting 

No. Compound Formula Point Point H-L liefereuoes 

36. Isobutylacetylene CeHio 39® . H 261 

37. Pentene-1 CsHio 40® . 2 S 0 ; 243,247,249,270 

38. Cyclopentadiene CsHa 41® . 260; 243,249,281-2 

39. 1,1-Dimethylallene CjHs 41® H 259 

40. Valylene (1,4-pentadiene) CaHs 41-42® H 247; 283 

41. 1-Methylbuta^ene CsHa 42® H 259 

42. Carbon disulfide CSa 47® .... 200; 249,270,272,284-5 

43. Propylacetylene CaHg 48-49® H 261 

44. Ammonium sulfide (NH 4 ) 2 S d. ca. 50® II 273 ; 200 

45. Methylethylacetylone CsHg 55-56° H 261 

46. Diethylamine C 4 HnN 55.5® L 244; 254 

47. Acetone CaHeO 56° . 260; 249, 272, 274 5, 286-90 

48. Ammonium carbonate (NH 4 ) 2 C 03 d. 58° H 244; 260 

49. Methylisocyanide C 2 H»N 59.6° II 82; 291 

.50. Ammonium cyaiiate NH 4 CN() d. 60° ... H 244; 200 

51. 2 -Methylpentane CaHu 62° L 239; 249 

52. 2-Methyl-2,3-peiitene CeHi 2 62.5-(>4° L 239 

5.3. Methyl alcohol CH 4 O 03° .... L 273:274 

.54. 3-Methyl pentane CaHu 03.3° .... L 267; 292 

.55. Hexenp -2 Call 12 04° .... L 239 

.56. n-Hexano CaHn 08.8° . 293; 243. 249, 268, 277 

. 57 . Hexene Calli* 09® . 260; 247,282,294 

58. 2,3-Dimethylbutadiene CeHio 69° H 269 

59. Diethylacetylene CaHio ca. 70° 11 201 

60. Butylacetylene CaHio 71® H 295; 201 

61. Heptane CrHie 77-79® L 202:239 

02. Ethyl alcohol C 2 HaO 78.37® H 273; 296 

63. Methyl ethyl ketone C 4 H 8 () 80° .... 260; 249,272,274-.5,287,289 

64. Benzene Celle 80.09® 6.61® 297; 61-2,210,243,260,27.5, 

284, 290, 298, 299- 304 

05. Cyclohexane (lipxahydrobenzpno) CaHi 2 80.8° . H 305; 304,306 


liso National UeHearcli ('oiincll, Intvrnatlonal 
Vritira} Tahlrn, Mcdraw-IIill Book Co., New 
Y(>rk. 1926, Vol. 1. 41.5 pp. 

iJsi Kriimer, d., and Spilker, A., Brr., 21), .5.52- 
61 (1896). 

Kruber, ()., UrvmtHittff-VIn'm., 13, 187-90 
(19.32). 

-'‘'3 Broeliel, A., Cumpt. rend., 114, 601-3 
(1892). 

2S4 Smith. W., Chnn. Neirft, 43, 142 (1881), 
41. 1.38 (1881). 

lis.'i Vincent, (^., and Delachannl, B., Compt. 
rend., 8«, 340-2 (1878). 

•iHHBroclie, H., Ber., 50, 1787-91 (1923). 

2 «T CoiilBon, B. A., and Holt, E. ('., J. 80 c. 
Chem. Ind.. 58, 267-70 (1939). 

288 Frank, F., and Arnold, H., Z. angew. 
Chem., SO. 217-8 (1923). 

280 Schulze, K. E., ref. 194. 

290 Schiitz, F., BuRohniaun, W., and Wisse- 
bach, H., Ber., 66B, 1091-6 (1923). 

201 Noltlng, E., Bull. 8oe. ind. MuJhnuHC, 64, 
461-2 (1884). 

202 Klein, A., Brennsiojf-Vhem., 7, 3-7 (1926). 


2 i)’i .loncH, W. IT., and Starr, C\ E., .Ir., Ind. 
I'lng. Chem., Anal. Ed., 13, 287-90 (1941). 
2»4WilIlamB, C’. d., Ann., 108, 384-5 (1858). 
2«.'i Whitmore, F. i\. Organic Chemietry, I». 
Van Noatrand & Co., New York, 1937, 1080 pp. 
2»flWilt, O., Chem. Zentr., 40, 415 (1878). 

297 WojcicchowHki, M., Heseurch Natl. Bur. 
NtandardH, 10, 347-.52 (1937). 

25J8Bottgcr, K., Chem. Zentr., 48, .592 (1877). 
299 (3einm, A., Polyteeh. Notishl., 23, 308 
(1869) ; Chem. Zentr.. 41. 34 (1870), 
aoo Fischer, F., and Gluud, W., Ber., .52, 10.5.3- 
68 (1919). 

801 Haller, A., and Michel, E., Bull. soc. chim., 
(3), 15, 1065-70 (1896). 

302 Parr, S. W„ and Olln, H. W., Univ. Illi¬ 
nois, Eng. Expt. Bta. Bull., 70 (1915), 29 pp. 
808 Pier, M., U. S. Pat. 2,221,410 (1940). 

304 Spielmann, P. E., The Conatituenta of Coal 
Tar, Longmans, Green, London, 1924, 219 pp. 

son Timmermans, J., and Martin, F., J. chim. 
phys., 28, 747-68 (1926). 

806 Danaila, N., Andrei, A. V., and Mellnescu, 
E., Bui. Chim. 80 c. KomAna 8 tiinte, 20, Nos. 4-6, 
3-49 (1923) ; Chem. Abe., 18, 3710 (1924). 
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TABLE XIX—ConfmMcd 

Compounds Identified from the Carbonization of Coal 


No. 

Compound 

Formula 

66. 

Methyl cyanide (acetonitrile) 

C2H3N 

67. 

Tetrahydrobenzene (cyclohexene) 

CeHio 

68. 

Thiophene 

C4H4S 

69. 

Dihydrobenzene 

C«H8 

70. 

Methylpropylacetylene (4-hexyne) 

CeH 10 

71. 

Triethylaniiue 

CbHuN 

72. 

Diethyl sulfide 

C4H,oS 

73. 

Heptene 

C 7 H ,4 

74. 

n-Heptane 

C 7 H ,6 

75. 

Ethyl propionate 

CfillioOa 

76. 

Water 

H2O 

77. 

Formic acid 

CII2O2 

78. 

Methylcyclohexane (hexahydro- 
toluene) 

C7HH 

79. 

Methyl n-propyl ketone 

CbBioO 

80. 

Toluene 

C7H8 

81. 

2-Methylthiophene (tbiotolene) 

CelleS 

82. 

3>M ethyl thiophene 

CfclUH 

83. 

Pyridine 

CbHbN 

84. 

Acetic acid 

C2H4O2 

85. 

Octane 

CkH.r 

86. 

l,4-Diine(hylcyclohexane 

CsHje 

87. 

1,3-Diniethylcyrlohpxane 

Csllift 

88. 

Octene 

CsHie 

89. 

Paraldehyde 

C 6 HiA >3 

90. 

n-Octanc 

CgHis 


807 Evans, B. B., Juxt. I'etruU'um Tvvh 
24. 321-37 (1938). 

SOS Denlg^s, G., Bull. nor. rhhu., (3), IT 
10«4-B (1896). 

8ooM«*yer, V., Ber., 1«. 1463-78 (1883). 

810 Ahrens, F. B., Vhvm. Zrntr., I, 510 1 
(1906). 

ail Schorlemmor, C., Anti., 161, 263-81 (1872). 

812 Vozzhliiskaya, Z. I., I’roiiiiia, M. V., anil 
Vorontzov, V. 8., Khim. Trvrdoyo Toplira, 5, 
243-51 (1934). 

818 Morgan, G. T., and retfot, A. B. .1., ,/. 
Soc. Vhem. Ind., 56, 109-14T (1937). 

814 Morgan, G. T.. Pnitt. 1>. !»., and 
A. K. J., ibid., 48, 89-ft3T (1929). 

810 Morgan, G. T., ibid., 51, 67-80T (1932). 

810 lliintresH, B. II., and Miilllkou, S. 1'., Idvii 
tiflration of Pure Orpanir Vomitoiinds, .Joliii 
Wiley & Sons, New York, 1941, Yol. 1, 691 pp, 

817 Lorenzeri, G., Onn- u. WnnHcrfarh, 80, 889- 
01 (1937). 

318 Whitaker, M. V., and (’rowell, W. R., Jnd. 
Eng. Vhem., 9. 261-9 (1917). 

310 Gattermann, L., Kaiser, A., and Meyer, V., 
Ber., 18, 8005-12 (1885). 


Boiling Melting 

Point Point H- L References 

81.6® 41® 239; 249, 260, 272, 275, 285 

83.1® ... H 307; 247, 282 

84® H 260; 243, 282, 308-9 

84® .... H 260; 247, 282 

84® H 261 

89.5® ... L 244; 254 

92® . . H 269; 271, 310 

98® ... H 260; 247, 282 

98.4® .... 258; 249, 268, 269, 277, 292, 

311-2 

99.1® -73.9® L 273:287 

100® 0® 239; 240-1, 243 

100.7“ 8.4® L 273; 254, 313-4 

101.2® . 305:249,315 

102.3® -77.8® L 316; 287 

110.8® . 305; 62, 243, 252, 255, 275, 

290, 292, 299, 303, 317 8 

112-113® 11 304:269,319-20 

114“ ... H 304:269,319-20 

115® -42® 260; 192, 210, 243, 246 7, 

254, 268, 289, 321-33 

119® 16® 82:254-5,313-4 

119-120® . 247:268,277 

119- 125® L 316; 315 

120- 125® .... L 310; 315 

122 125® -104® L 316:292,312,315 

124® L 272 

125.6® . 293; 243, 247, 249, 269, 277, 

292, 312 

3-'» Meyer, V., ibid., 16, 1624 5, 2068-75 


(1883). 

321 Ahrens, F. B.. ibid., 2S, 705-8 (1805). 

322 Deiinstedt. M., and Ahrens, (’., ibid., 27, 
Ref. 601-2 (1804). 

32;Mioldsehinidt. H., and (V»nstam, Fi. .T.. ibid., 
16, 2076 81 (1883). 

324 (hdliner, W., BrvnnntofJ-Vbvm., 4, 1-0, 10 - 
24 (1023). 

32,'» Grlg«)r'ev, S. M.. Vohv and Vhvm. 
(II.H.S.U.). 1«37. No. 6, l(>-0: Khim. Hr feral. 
Zhnr., 1, Nos. 4-.5, 120 (1038). 

32f5 Iwidenhnrg. A., ref. 104. 

327 Mallhe, A., J. vninen paz, 45, 162-4 (1021). 

328 ()chlai. K., and Haginiwa, T., ./. Pharm. 
Noe. Japan, 60, 442-8 (1040). 

32» Oshiina, Y., and Tshihashi, K., J. Hoe. 
Vhem. Ind. Japan, 20, 445-51 (1926). 

3 .SO Rapoi)ort, I. B., and Kosolapov, Z. E., 
Khim. Tverdopo Toplira, 4, 323-32 (1033). 

331 Sehiitz, F.. Bnsehmanii, W.. and Wisse- 
baeh. II.. Ber., 56B, 1067-75 (1023). 

.332 Thenlus, G., tVtcm. Zentr., .33, 53-8 

(1862), 

33.S Trohridge. P. G.. •/. Hoe. Vhem. Ind., 2N, 
230-2 (1000). 
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TABLE XIX —Continued 

Compounds Identified from the Carbonization of Coal 

Boiling Melting 

No. Compound Formula Point Point H-L References 

91. o-Picoline (2-methylpyridine) C 6 H 7 N 129* -69.9* 260; 210, 246-7, 268, 323, 

326-6, 328-31, 333-7 

92. Aaulene CisHis 130* (12 mm.) . L 338; 339 

93. Pyrrole C 4 H 6 N 131* H 260; 161,304,324 

94. Dihydroxylene C 8 H 12 135* L 340; 247,341 

95. Hexahydromeeitylene CaHig 135-137* . L 342 

96. Ethylbenxene CgHio 136.15* H 305; 243,343-4 


97. 

Diniethylthiophene (thioxene) 

CgHgS 

98. 

m-Xylene 

CsHio 

99. 

p-Xylene 

CgHio 

100 . 

1 ,2,4-Trimethylcyclohexane 

C 9 H 18 

101 . 

Propionic acid 

C3H«02 

102 . 

o-Xylene 

CgHio 

103. 

d-Picoline (3-methylpyridine) 

C 6 H 7 N 

104. 

2 , 6 -Dimethylpyridine 

C 7 H 9 N 

105. 

7 -Picoline (4-inethylpyridine) 

C 6 H 7 N 

106. 

Styrene 

CgHg 

107. 

Nonylene 

CgU,« 

108. 

n-Nonane 

C 9 H 20 

109. 

Cumene (isopropylbenzene) 

CsHn 


IlohenomHer, W., and WolffeuHtoln, R., Ber., 
32, 2520-4 (1899). 

sari Alorpiii, G. T., J. Boc. Chvm. Ind., 47, 
131-3T (1928). 

33« Sto«dir, (\, J. prakt. Chcm., (2), 42, 420-8 
(1890). 

.137 Wegor, M., Z. nngew. ('hem., 22, 339-47, 
391-5 (1909). 

3.3X Kurilmri, K., Fuel Boe. Japan, 7, 61-2, 
()07-14 (1928). 

.S3JI Kremors, U. E., -/. Am. Chem. Bur., 4,'5, 
717 23 (1923). 

.340 Aliillikcn, S. P., IJentiflcntiun of Fare ()r- 
ganie CumpunadH, .lolui Wiloy & Sons, Now 
York, l!)04-22. 4 vols. 

•Ml Piotot, A., Ann. rhhn., (9), 10, 249-330 
(191S). 

342 PlotPt, A., and Boiivior, M.. Ber., 48, 926- 
33 (1915). 

iM3 Nolting, E., and I'almor, G. A., ibid., 24, 
1955-8 (1891). 

»44Sphult/., G., ibid., 42, 2633-6 (1909). 

34.'i MoHsinper, .7., ibid., 18, 56,3-8, 1636—40 
(1885). 

346 Sclmls!e, K. E., ibid., 17, 2852-4 (1884). 

347 Briickner, A., ibid., 0, 405-7 (1876). 

34«Flttlg, R., Ann., 265-83 (1870). 

340 Fittlg, R., Ahrona, W., and Mattheidoa, L., 
ibid., 147, 15-42 (1868). 

3.-10 Gllnzor, E., and Fittig, R., ibid., ISO, 303- 
20 (1865). 

s.-)! Jaeobaen, O., Ber., 10, 1009-15 (1877). 


137* H 260; 345-6 

139.3* . 293; 243, 275,347-8 

139.4* . 293; 275,348-51 

141.2* -86.4* 352; 316,353 

141.35* -20.8 273; 313-4, 354 

144* . 355; 241,243,276,351 

144.0* -18.3“ 196; 193, 210, 246-7, 260, 

330, 356-7 

144.4* -(5.0* 196; 195, 289, 326, 328, 330, 

367-60 

144.6* -f-3.8® 196; 210, 246-7, 289, 326, 

330, 333, 356, 360-1 

146* .... H 260; 243,362-6 

150° L 366; 292, 312, 315 

150.7* L 367; 249, 268, 292, 312 

153* .... 260;62,255, 276,304,368-70 


352 White, J. D., and Glasgow, A. R., .Ir., J. 
Reneareh Natl. Bur. Btandardn, 22, 137-53 

(1939). 

s.'iH Ahrens, P\ B,, and Modzenski, L. v., Z. 
angew. Chem., 21, 1411-4 (1908). 

3.'‘i4 Kruber, O., and Morneweg, W., Ber., 71B, 
2485-0 (1938). 

35.5 Miller, ()., Bull. ftoc. vhim. Brig., 41, 217- 
33 (1932). 

3r,« Ladenbiirg, A.. Her., 21. 285-9 (1888). 

3ri7 Mareiise, A., and WollTensteln, R., ibid., 
32, 2525-31 (1899). 

3.'*M Kolualsu, S., and Mohri, A., J. Chem. Bur. 
Japan, 52, 722-6 (1931). 

s.'io Laage, G., aad Rosenberg, J., Ber., 20, 
127-37 (1887). 

3CoO]»arlna, M. P., ibid., 04B, 562-9 (1931). 
3«1 Ahrens, F. B., ibid., »K, 155-9 (1905). 
Berthelot. P. E. M., Bull. Hue. ehim., (2), 
N, 226-58 (1867). 

3«s Berthelot, P. E. M., Cumpt. rend., 05, 40.5-8 
(1867). 

Karpukhin, P. P., and Sloininskii, L. 1., 
Cuke and Chem. {V.B.B.H.), 1088. No. 0, 35-41. 

305 Kriimer, G., and Spllker, A., Ber.. 28, 
3169-74, 3269-76 (1890). 

306 Karavaev, N. M., Fuel, 13, 299-310 (1934). 

307 Shepard, A. F., Ileane, A, L., and Mldg- 
ley, T., J. Am. Chem. Bug., 53, 1948-58 (1931). 

308 K6gler, A., Chem. Zentr., 37, 189 (1806). 
36fl Rommier, A., Cumpt. rend., 70, 641-4 

(1870). 

570 Schultz, G., Ber., 48, 2517-21 (1910). 
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TABLE XIX —Continued 

Compounds Identified from the Carbonization of Coal 


No. 

Compound 

Formula 

110 . 

2,4>Dimethylp}n‘idine 

C 7 H 9 N 

111 . 

Deoane 

C 10 H 22 

112 . 

2,5-Dimethylpyridine 

C 7 H 9 N 

113. 

n-Propylbeniene 

C 9 H 12 

114. 

m-Ethyltoluene 

C 9 H 12 

115. 

p-Ethyltoluene 

C 9 H 12 

116. 

2 , 3 -Dimethylp 3 rridine 

C 7 H 9 N 

117. 

Trimethylthiophene 

C 7 H 10 S 

118. 

3,4-Dimethylpyridine 

C 7 H 9 N 

119. 

n-Butsrric acid 

C4Hg02 

120 . 

Mesitylene (1,3,5-trimethylben- 

C9Hi2 


sene) 


121 . 

o*Ethyltoluene 

C9H»2 

122 . 

4«Ethylpyridine 

C 7 H 9 N 

123. 

Dihydromesitylene 

C 9 H 14 

124. 

2,4,5-Trimethylpyridine 

CgHiiN 

125. 

2,3,4-Trimethylpyridine 

CsHiiN 

126. 

Paeudooumene (1,2,4-tri methyl- 

C 9 H 12 


benzene) 


127. 

Thiophenol 

CsHftS 

128. 

3,5-Dimetbylpyridine 

C 7 H 8 N 

129. 

Dioyolopentadiene 

CioHij 

130. 

2,4,6-Triinethylpyridine 

CgHiiN 

131. 

Deoene 

C 10 H 20 

132. 

Hexahydrodurene (1,2,4,5-tetra- 

C 10 H 20 


methyloyolohezane) 


133. 

2,3,6-Trimethylpyridine 

CgHaN 

134. 

Coumarone 

CsHeO 

135. 

n-Deoane 

Ciofl 22 


871 Ahreiifl, F. B., and Gorkow, R., Ohem. Z., 
2, 414 (1902-3) ; Chetn. Zentr., 74, 1034 (1903). 

372 AhreuK, F. B., and Gtirkow, K., 37, 

2002-0 (1904). 

373 Schultz, G., ibid., 42. 3002-19 (1909). 

374 Schulze, K. E.. ibid., IS, 497-8 (1885). 

376 Ahrens, F. B., ibid., 29, 2990-9 (1890). 
878 Mair, B. J., and Schicktanz, S. T., J. Jfe- 

gearch Natl. Bur. Standards, 11, 006-80 (1933). 

377 Ernst, T., and Flttlg, R., Ann., 180, 184- 
98 (1800). 

378 Flttlg, K., and Wackeiiroder, B., ibid., 161, 
292-8 (1809). 

370 Jacobsen, O., Ber., 9, 250 (1870). 
ssoKruber, O., ibid., 67, 1008-15 (1924). 

881 Auwers, K. von, Ann., 419, 92-120 (1919). 

882 Eckert, A., and Lorla, S., Monatsh., 8N, 
225-47 (1917). 

883 Oechsner de Coninck, W. v., Bull. soc. 
vhim., 49, 249-63 (1884). 

884 Bellsteln, F., and KOgler, A., .4nn., 137, 
317-27 (1806). 


Boiling 

Point 

Melting 

Point 

H-L 

References 

157® 



260; 195, 289, 321, 326, 328, 

158-161‘» 



330-1, 333, 335, 356, 368- 
60 

247; 268, 292 

159.5® 



340; 269, 358-60, 371-2 

159.5® 


H 

293; 304, 373 

162“ 


H 

260; 243, 269, 373 

162® 


H 

260; 243, 373 

162-163® 


H 

247: 269. 310 

163® 


H 

247; 304, 374 

163.5-164.5® 



247; 268, 329, 331, 375 

164.5® 

-5.50® 

L 

273; 313-4 

164.6“ 



376; 241, 243, 275, 289, 315, 

164.9® 


H 

377-9 

381; 243, 260, 304, 373 

166* 


H 

82; 382-3 

166-168® 


T. 

341 

167® 



260; 360, 375 

168® 



269; 358, 382 

169.18® 



376; 275, 304, 315, 373, 377, 

169.6® 


H 

379-80, 384-7 

388; 389 

169.5® 



340; 360, 371-2, 382 

170® 

33® 

H 

260; 247, 281-2, 390 

171® 



260; 193, 246, 268, 321, 324, 

172® 


L 

328, 329, 331, 335, .358, 
360, 382 

366; 312 

172-174® 


L 

391 

173-174® 



382; 209, 858, 360 

17.3-175“ 



273; 62, 386, 392-4 

174® 


J. 

367; 243, 249, 312, 373, 395 


ss.'iPlUig, R.. and Schaper, L., Z. Vhrm., 3, 
12 (1807). 

38(1 WelHHgerher, It., lirennHtuff-Chvm., 6, 208- 
14 (1924). 

3h 7 WciHHg(‘rber, U., and Moclirle, E., ibid., 4, 
81-4 (192.3). 

3H8 IlolTi'rt, W. H., and t’laxton, G., pp. 808- 
77 of ref. 07. 

388 PrelsH, O., Brennstuff-Chcm., 21, 285 

(1940). 

3JMJ G(>H(dlK('haft fflr Teerverwertiing, Brr., 
July, 1940. (Advertisement.) 

3M1 Pictet, A., and Bouvier, M., Compt. rend., 
167. 779-81 (1913). 

3»2 Chemische Fabrik-Ladenburg G.m.b.H., Ger. 
Pat. 53,792 (1891). 

3»3Gluud, W., and Breuer, P. K., Ors. Ah- 
handl. Kvnntnig Kohle, 8, 238-42 (1918). 

3«4 Kriiiner, G., and Spilker, A., Ber., 23, 78- 
83 (1890). 

3»6 Jacobsen, O., Ann., 184, 179-205 (1870). 
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No. 

Compound 

Formula 

Bmling 

Point 

Mating 

Point 

H-L 

Referenoea 

136. 

Hexahydro-p-cree(d 

CtHhO 

174“ 


L 

806 

187. 

Hemimellitene (1,2,3-Triinethyl- 

C.Hi, 

176.1“ 



376: 304, 380, 886 , 307 

138. 

benzene) 

Cymene (p-iuethylisopropylbeu- 

CioHi 4 

177“ 


H 

304: 255, 308 

139. 

sene) 

Hydrindene 

C 9 H 10 

178“ 



399: 241, 281. 386, 400-1 

140. 

Dihydroprehnitene (dihydro- 

CioHie 

180-182* 


L 

341 

141. 

1,2,3,4-tetramethylbenzene) 

Phenol 

CallsO 

181“ 

41® 


260; 62,161-2,177,254, 256, 

142. 

Indene 

Cglls 

182® 

- 2 ® 


274-5, 200, 331, 402-8 
399; 62, 243, 386. 409-13 

143. 

Tetramethylthiophene 

ChH, 2 S 

183® 


L 

340: 414 

144. 

Aniline 

CbHiN 

184® 

- 6 ® 


260; 161, 191, 329-31, 335, 

145. 

n-Valeric acid 

C 4 H 10 O 2 

186.35® 

-35.4 

L 

358, 415 

273; 313-4 

146. 

2,3,5-Triniethylpyridine 

CsHiiN 

186.75® 


L 

360; 358 

147. 

3,4-Dimethylethylbenzene 

CioH |4 

189® 



380; 386, 397 

148. 

Pentainethylcyclohcxane 

CuH 22 

189-191“ 


L 

391 

149. 

Oxalic acid 

CgHgfli 

d. 189.5® 


L 

273; 313-4 

150. 

Amnioniuni thiocyanate 

NH 4 SCN 

d. 190® 

149.6® 

H 

416; 242 

151. 

l,3-Diinethyl-5-ethylbcnzene 

CioHu 

ca. 190® 


I. 

-;417 

152. 

0-Methylcoumaroue 

CgHgO 

190-191® 


H 

247; 269, 418 

153. 

o-Creaol 

CtHbO 

191“ 

31“ 


260; 168, 160, 177, 254, 256, 

154. 

Bonzonitrile 

C 7 H 6 N 

191“ 

-13® 

H 

268, 289. 325, 331, 402, 
405-7,419-20 

260; 269, 394, 421 

155. 

Decalin 

C 10 H 18 

191.5-195® 


L 

386; 387, 422 

156. 

Undecene 

CnH22 

192® 


L 

366; 312, 414 

167. 

Methyl heptyl ketone 

C 9 H 18 O 

196® 


L 

239 

158. 

Tolylmercaptan 

CiHsS 

ca. 195® 


L 

244; 275 


396 PJctPt, A., KalNer, O., and Labonohferp, A., 
Compt. rend., 165, 113-6 (1917). 

307 Jacobsen, O., Ber., 19, 2511-20 (1886). 

398 Berthelot, P. E. M., Bull. hoc. rhim., f2J, 7, 
30-43 (1867). 

390 EvaiiK, E. B., J. Inst. Petroleum Tech., 34, 
537-54 (1938). 

400 Borsche, W., and Poinmer, M., Ber., 54B, 
102-10 (1921). 

4oiMo8chner, J., ibid., 38, 737 (1900). 

402 Craig, A. E., and Co., Brit. Pat. 524,541 
(1941). 

403 PiHcher, P., and Brener, P. K., Och. A h- 
handl. KcnntniH Kohlc, 3, 89-97 (1918). 

404 Heyn, M., and Dunkle, M., Brennstoff- 
Vht m., 7, 20-5, 81-7 (1926). 

4or. Karavaev, N. M., Bashkirov, A. N., and 
Kraeva, L. P., Khim. Tverdogo TopUva, 4, 585- 
92 (1933). 

406 Oshima, Y., Kosaka, Y., and Matsumae, S., 
Vhvm. Neu a, J8S, 373-4 (1926). 

407 Rheininetall-Borsig A.-O., Brit. Pat. 523,- 
139 (1940). 

408 SchUtz, F., BrenuHtotf-Chem., 4, 85 (1923). 

409 Kuhl, L., U. S. Pat. 1,943,078 (1934). 


410 Kramer, G., and Spllker, A., Ber., 28, 
3276-83 (1890). 

411 Spllker, A., and Dombrowsky, A., ibid., 42, 
572-3 (1909). 

412 Walters, L. S., J. 8oc. Ohem. Ind., 46, 
150-2T (1927). 

413 Weger, M., and Billman, A., Ber., 30, 
640-5 (1903). 

414 Weissgerber, R., OIB. 2111-9 (1928). 
416 Smith, W., J. Chem. Boo., 27, 858-4 

(1874). 

416 Shnidman, L., Proc. Am. Qai Ahhoc., 14, 
950-69 (1932). 

417 Kuriharl, K., Repta. Imp. Fuel Research 
IuHt. Japan, No. 7 (1929), 54 pp. 

418 Stoermer, R., and Boes, J., Ber., 88, 8013- 
20 (1900). 

419 Oliiud, W., and Breuer, P. K., Oea. Ab- 
handl. Kenntnia Kohle, 2, 236-66 (1917). 

420 Ihle, R., J. prakt. Ohem., 122, 442-64 
(1876). 

421 Goldin, G., J. Applied Chem. (U.8.8.R.), 
8. 657-61 (1936). 

422 Kairer, H., Ber., 57B, 1261-5 (1024). 
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No. 

Compound 

Formula 

Bmiing 

Point 

Melting 

Point 

H-L 

References 

1S9. 

3- or 5*MethylcoumBrone 

CgHsO 

195-196® 


H 

247; 269, 418 

160. 

n-Undeoane 

C 11 H 24 

195.8® 



367; 239, 247, 249, 268, 312 

161. 

Durene (1,2,4,5-tetramethyl- 

CioHm 

196® 



424; 275, 289, 380, 386-7, 

162. 

benzene) 

4>Methylcoumarone 

CjHsO 

197-199® 


H 

423 

247; 269, 418 

163. 

Isodurene (1,2,3,5-^tetramethyl- 

CioHu 

198® 


H 

424; 289, 304 

164. 

benzene) 

1,2-Dimethyl-4-isopropyIbenzene 

CnHiz 

199® 


L 

239; 380 

165. 

p-Toluidine* 

C 7 H 9 N 

200.4® 

45® 


273; 246, 358, 425 

166. 

o-Toluidine 

CtHaN 

200.7® 

-24.4® 


273; 246, 425-6 

167. 

p-Cresol 

C 7 H 8 O 

201 ® 

36® 


260; 169-71, 173, 177, 254, 

168. 

Acetophenone 

CsHsO 

202 ® 

20 ® 

H 

256, 268, 289, 331, 402, 
405-6, 419, 427-9 

260; 269, 430 

169. 

m-Creeol 

C 7 H 8 O 

202 ® 

10.9® 


260; 169-71, 173, 177, 254, 

170. 

4 -M ethy Ihy dri ndene 

C 10 II 12 

203® 


L 

2.56, 268, 269, 274, 289, 
325, 331, 402, 40.5-6, 419- 
20, 428, 429, 431 2 

386; 380 

171. 

1-Methyldecalin 

C 11 H 20 

203-206® 


L 

.386; 241, 422 

172. 

m-Toluidine 

C 7 H 9 N 

203.3® 



273; 246, 425 

173. 

Prehnitene (1,2,3,4-tetramethyl- 

CioHu 

204.5® 


L 

424; 275 

174. 

benzene) 

4-Methylindene 

CioHio 

205® 



239; 241, 260, 386, 433 

175. 

o-Ethylphenol 

CsHioO 

206.5-207® 


L 

434; 177, 405, 429, 435 

176. 

Tetrahydronaphthalene 

CioHu 

206.8® 


H 

399; 247, 281, 436 

177. 

2,4-Xylenol 

CgllioO 

209® 

26® 


260; 177, 268, 331, 390, 

178. 

2,6-Xylenol 

CgHxoO 

211 . 2 ® 

49® 


405-0, 429, 434, 437- 8 
434; 177, 435 

179. 

2,5-Xylenol 

CsHioO 

211.5® 

74.5® 


434; 177, 268, 331, 390, 405, 

180. 

2,4-Xylidine 

CsHuN 

212 ® 


H 

429, 437 

273 ; 425 

181. 

Dodecene 

Ci2Hi4 

213“ 


L 

307; 312 

182. 

m-Etliylphenol 

CgHioO 

214® 

62® 


434; 177, 405, 439 

183. 

2,5-Xylidine 

CgHnN 

215® 


11 

273; 425 

184. 

n-Dodecane 

Ci 2 H 2 e 

216.2® 


L 

367: 247, 249, 268, 312 

185. 

1,6-Diinethylderalin 

C 12 H 22 

217-223.5® 


L 

386; 241, 422 

186. 

p-Ethylphenol 

CsHioO 

218® 

46® 


260; 177, 405, 435, 439 


423 Schulze, K. E., ibid., 18, 3032-4 (1885). 

424 MucDuugall, F. H., and Smith, L. 1., 
Am. Vhvm. Sac., S3. 1998-2001 (1930). 

425 Kniber, O., and Happen, L., Ber., T8, 1178- 
84 (1940). 

420 Hofmann, F., and Boente, L., Brennstoff- 
Chem., 14, 381-2 (1933). 

427 AriiiHtrong, H. K., Ber., 7, 404-8, 1023-4 
(1874). 

428 Buff. H. L.. ibid., 4. 378 (1870). 

420 Hardouln, J., Ann. rombuntiblt's liquidcM, 
10, 55-78 (1935). 

430 WeiHHRorbcr, K., Brr., 30, 754-7 (1903). 

431 Blederinann, R., and Pike, W. A., ibid., O, 
323-5 (1873). 

482 rhemlMche Fabrik-Ladeuburg O.m.b.H., Ger. 
Pat. 152,062 (1904). 


433 Boea, J., Brr. deut. pharm. Qch., 13, 84-6 
(1902). 

4.H4 Schneider, E. J., and Shohan, J. B., U. S. 
Bur. Minrs, Rrpt. Invetttigationn, 2908 (1930), 
20 pp. 

435 Rapoport, 1. B., Vasil’eva, Z., and Zhirnova, 
K., Khim. Tvrrdogu Topliva, 0, 634-9 (1935). 

430 Karrer, P.. Organic Chemistry, Nordemann, 
New York. 1938, P02 pp. 

437 (JeHcllachaft fxir Teerverwertung, Ger. Pat. 
447,540 (1926). 

438 GoldKchmcldt, G., Monatsh., 38, 1091-7 
(1907). 

4.30 Krulicr, ()., and Sebmitt, A., Brr., 04B, 
2270-7 (1031). 
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No. 

Compound 

Formula 

187. 

Naphthalene 

CioHs 

188. 

2,3>Xylenol 

CbHioO 

189. 

3,5-Xylenol 

CsHioD 

190. 

Mesitol 

CbHi20 

191. 

3,5-Xylidine 

CbHuN 

192. 

3,6-Dimethyloouinarone 

CioHioO 

193. 

4,5-Dimethylcoumarone 

CioHioO 

194. 

4,6-Dimethylcoumarone 

CioHioO 

195. 

p-Methyi tolyi ketone 

C#HioO 

196. 

Thionaphthene 

CgHfiS 

197. 

2,3-Xylidine 

ChHhN 

198. 

3,4-Xyienc)l 

CgHioO 

199. 

Dimethyiindene 

CuHi2 

200. 

4,6-Dimethylhydrindene 

CiiHu 

201. 

Perhydrofluorene 

Ciallaa 

202. 

Pseudocunienoi (2,4,5-trijnethyl- 
phenol) 

C9H12O 

203. 

3-Ethyi-5-methylpheuol 

CjHiaD 

204. 

2,3,4,5-Tetrainethylpyridine 

CbHisN 

205. 

Isopseudocutnenol (2,3,5-tri- 
methyiphenol) 

C9H12O 

206. 

Methyinonyicarbinol 

C11H24O 

207. 

Pcrhydrcxii phenyl 

C 12 H 22 

208. 

Per hy droacenaph t hene 

C 12 H 20 

209. 

Quinoline (leucoline) 

C9H7N 

210. 

iMohoxnocatechol (1-methyl 

2,3-di hydroxy ben zene) 

C7H«02 

211. 

7-Hydroxycouniarone 

C 8 H 6 O 2 


441) Brocko, Rupert. Pharm., 38, 208-73 (1831) ; 
Ohem. Zentr., 3, 561 (1831). 

441 Colmaii, H. G.. and Smith, T. F., J. ISoc. 
Chem. Ind., 19, 128-30 (1900). 

ii2 Grigor’ev, S. M., and Khadzhlnov, V. N., 
Org. Chem. Ind. {V.8.R.R.), 4, 548-53 (1937). 

443 Kohler, II., Dingirrs Polgtcch. J., 374, 79- 
82 (1890). 

444 LUdersdortf, F., Chvm. Zcntr., ,3, 690 

(1832). 

445 Liinpp, G., Chvm. Neivn, 44, 65 (1881). 
44GMuth, Chem. Zentr., 34, 336 (1863). 

447 Rpkdienbaeh, C., J. Chem. Phgnik, «8, 
223-34, 239-48 (1833). 

448 Schrader, H., and Zerbe, C’., Brennntoff- 
Chem., 3, 372-4 (1922). 

449 Young, W., Chem. Zentr., 70, 28(>-l 

(1905). 

450 Zerbe, C., and Eekert, P., Brennntoff-Chem., 
14, 1-3 (1933). l.’S, 28-31 (1934). 

451 Raschlg, P., Ger. Pat. 254.716 (1912). 

452 Caplan, S., Rosa, J.. Sevag, M. G., and 


Boiling 

Point 

Melting 

Point 

H-L 

References 

218® 

80* 


260; 62, 68-70, 72. 264, 268, 

218* 

73-75* 


338,387.440-50 

434; 177, 405, 439 

219.5* 

68* 


434; 176-8, 268, 289, 331, 

219.5* 

68-69* 

L 

335, 390,405,435,439,451 
434; 435, 452 

220-221* 


H 

273; 425 

220- 222° 


H 

453 

220-222* 


H 

453 

220-222° 


H 

418; 453 

222* 


L 

239 

222* 

32* 

H 

260; 243, 454 

223* 


H 

273; 425 

225° 

65* 


260; 177, 268, 289, 331, 

225-230° 



406-6, 434-5. 455 

386; 241, 433, 456 

226-232* 


L 

386; 241 

230° 


L 

387 

232* 

71* 


316; 390, 429 

232.6-234.5* 

55* 


439;432 

233* 



260; 321, 358 

233* 

96* 

B 

260 ; 439 

234-236* 


L 

414 

234-236* 


L 

387 

236-236* 


L 

387 

238* 

-15* 


1 

09 

1 

d. 239* 

47* 

L 

324, 331, 336, 404, 457-63 
340; 313, 316 

240* 

43° 

H 

464 


Switz, T. M., Ind. Eng. Chem., Anal. Ed., 0, 
7-12 (1934). 

453 3008, J., Chem. Zentr., II. 1226 (1901). 

454 WeiHsgerber, R., and Kruber, O., Ber., 58, 
1551-77 (1920). 

456 Gliiud, W., and Breuer, P. K., Oee. Ah- 
hand!. Kenntnift Kohle, 3. 257-60 (1917). 

4!-,0 Bops, J.. Her., 3.‘5, 1762-4 (1902). 

457 Hoogpwprff, S., and van Dorp, W. A., Rec. 
trav. ehini., 1. 1-17, 107-31 (1882). 

468 jHeobsen. E., and Reimer, C. L., Ber,, 16, 
1082-7 (1883). 

459 Mailhe, A., J. uftinen gaz, 45. 162-4 (1921). 
4«o McKendrlek, J. G., and Dewar, J., Ber., 7. 
1468-9 (1874). 

401 Schnitzer, G., Chem. Zentr., 83, 636-8 
(1861). 

4«2 WllliamK, r. G., Chem. News, 1, 15 (1860). 
408 WlllinraH. C. O., ibid., 3.5, 284 (1872); J. 
Chem. Roc., 10, 657-8 (1872). 

464 Kruber, D., and Schmieden, W., Ber., 72B* 
653-6 (1939). 
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No. 

Compound 

Fmrmula 

212 . 

Methylthionaphthene 

CzHsS 

213. 

Hezahydrofluorene 

CisHie 

214. 

2-Methylnaphthalflne 

GuHio 

215. 

IsoquinoUne 

C 9 H 7 N 

216. 

1-Methylnaphthalene 

CiiHio 

217. 

4-Hydroxyhydrinden« 

C 9 H 10 O 

218. 

Cateehol 

CaHtOs 

219. 

2*Methylquin(dine 

CioH9N 

220 . 

8 -Methylquinoline 

C 10 H 9 N 

221 . 

3,4,6>Trimethylphenol 

C 9 H 13 O 

222 . 

Durenol (2,8,6,6-tetramethyl 

C 10 H 14 O 


phenol) 


223. 

Benzoic add 

C7H909 

224. 

Guaiaod (o-methozyphenol) 

C 7 H 9 O 8 

226. 

Homooateohol (l-methyl-3,4-hy- 

C 7 H 8 O 2 


drozybenzene) 


226. 

6 *Hydrozyhydrindene 

C 9 H 10 O 

227. 

2-Ethylnaphthalene 

C 12 H 12 

228. 

1 -Ethylnaphthalene 

C 12 H 12 

220 . 

S-Methyliaoquinoline • 

C 10 H 9 N 

230. 

Indole 

CsHtN 

231. 

Dimethyloatechol 

CbHio02 

232. 

Diphenyl 

C 12 H 10 

233. 

l-Methylizoquinoline 

C 10 H 9 N 

234. 

2,8-Dimethylquinoline 

CiiHuN 

236. 

7-Methylquinoliue 

C 10 H 9 N 

236. 

6 -Methylquinoline 

C 10 H 9 N 


466 WelHsgerber, U., Brennstoff-Ohem., 2, 1-3 
(1921). 

466 Pictet, A., Rev. gin. aci., 27, 579-84 
(1910). 

467 Pictet, A., and Ramgeyer, L., Ber., 44, 
2480-97 (1911). 

468 Figclier, F., Schrader, H., and Zerbe, C., 
Brennatoff-Chem., 8, 57-9 (1918). 

469 Schulze, K. E., Ber., 17, 842-G (1884). 

470 Hoogewerff, S., and van Dorp, W, A., Rec. 
trav. chim., 4, 125-9 (1885). 

471 Welgggerber, R., Ber., 47. 8175-81 (1914). 

472 Kruber, 0., and Marx, A., ibid., 78, 1175-7 
(1940). 

478 Bashkirov, A. N., and Kraeva, L. P., Khim. 
Tverdogo Topliva, 6 , 217-21 (1935). 

474 BOrnsteln, E., J. Oaabeleucht., 49, 027-30, 
048-52, 607-71 (1900). 

475 Edwards, K. B., J. Soc. Ohetn. Ind., 48, 
43-56T (1024). 

476Qluud, W., Qea. Ahhandl. Kenntnia Kahle, 
8, 60-74 (1918). 

477 Oegellschaft fttr Teerverwertung, Ger. Pat. 
454,690 (1927). 


Boiling 

Point 

Melting 

Point 

H-L 

References 

240-246“ 


H 

465 

240-260® 


L 

466; 467 

241.14® 

34.44® 


102; 62, 97, 99,101, 264, 316, 

243.26® 

28® 


325, 386-7, 468-9 

205; 243, 260, 269, 324, 404, 

244.78® 

-30.9® 


470-1 

102; 62, 97, 101, 264, 316, 

246® 

60® 

H 

338, 387, 468-9 

472; 464 

246® 

105® 

L 

273; 254, 313-4, 419, 434, 

247.60® 

- 2 ® 


473-6 

205; 268. 331, 335, 458 

247.75® 


H 

205 

248® 

106® 

H 

472 

248® 

119® 

H 

260; 439, 477 

249® 

121 ® 

H 

82; 354, 478 

260® 

28® 

L 

479; 480 

261® 

66 ® 

L 

273; 313, 315 

261® 


H 

472 

262® 

-7.5® 


481; 254 

252.0® 

-16.0® 

L 

481; 254 

262.26® 

64.7® 

H 

205 

263® 

52.5® 

H 

260; 442, 477, 482 

258® 


L 

483; 484 

266.2® 

71® 


485; 260, 326, 436, 486-8 

256.25® 

10 . 1 ® 

H 

206 

255.25® 

23.2® 

H 

205 

257.60® 

39® 

H 

205 

268.60® 

ca.- 22 ® 

H 

205 


478 Schulze, K. E., Ber., 18, 015-7 (1885). 

479 Richter, V. von, Organic Chemiatry, Blaki- 
Hton’g, Philadelphia, Am. 3rd ed., 1913, Vol. 2, 
760 pp. 

480 Warneg, A. R., J. Oaa Lighting, 112, 131 
( 1011 ). 

481 Kruber, O., and Schade, W., Ber., 09, 
1722-9 (1936). 

482 WeisHgerber, R., ibid., 43, 3520-8 (1910). 
Karavaev, N. M., and Veuer, I. M., Bull. acad. 
ari. U.R.B.8., Claaae aci. tech., 1941, No. 5, 35-8; 
Chem. Zentr., 1942, I, 3277. 

483 Burke, S. P., and Caplan, S., Ind. Eng. 
Chem., 19, 34-8 (1927). 

484 Greenbaum, F. R., Am. J. Pharm., 99, 
400-8 (1027). 

485 Chipman, J., and Peltier, S. B., Ind. Eng. 
Chem., 21, 1100-8 (1929). 

486 Fittig, R., and BOchner, E., Ber., 8, 22-3 
(1875). 

487 Kruber, O., Oel Kohle Petroleum, 35, 770-4 
(1939). 

488 Schulze, K. E., Ber., 18, 1203-4 (1885). 
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No. 

Compound 

Formula 

237. 

o<Methylbenioio acid 

CgHgG, 

238. 

S-Methylquinoline 

C 15 H 9 N 

239. 

2,6-Dimethylnaphthalene 

Ci2H,j 

240. 

2,7-Diniethylnaphihalene 

CisHij 

241. 

1 ,7-Dimethylnaphthalene 

CijHia 

242. 

1,3-Dimethyli80quinoline 

CiiHuN 

243. 

1 , 6 -Dimethylnaphthalene 

C 12 H 12 

244. 

5-Methylquinoline 

C 10 H 9 N 

245. 

4-Methylquinoline 

C 10 H 9 N 

246. 

5- or 7-Methyli8oquinoline 
(probable) 

CjoHsN 

247. 

3-Methyliudole (skatole) 

C 9 II 9 N 

248. 

1,5-Ditiiethyliiaphthaleiio 

C 12 H 12 

249. 

O-Methylisotiuinoline (probable) 

CioHoN 

250. 

7-Methylindole 

C 9 H 9 N 

2,51. 

2,3-Di ni ethy Inaph thalene 

C 12 H 12 

252. 

1,2-Diniethylnaphthalene 

C, 2 H ,2 

253. 

4-MethyIindole 

C 9 II 9 N 

254. 

.5-Mcthylindole 

C 9 H 9 N 

255. 

3-Methyidi phenyl 

C 13 H 12 

256. 

5,8-Dimethylquiuoline 

CuHiiN 

257. 

4-Methyldiphenyl 

C 13 H 12 

258. 

2-Me(hylindole 

C 9 H 9 N 

259. 

o-Phenylphenol 

CiaHioO 

260. 

Resorcinol 

CgHeOa 

261. 

1,3,7-Trime(hylnaphthalene 

CiaHu 

262. 

a-Naphthol 

CioHsO 

263. 

Acenaphthene 

C 12 H 10 

264. 

o-Naphthofurane 

CiaHgO 

265. 

d-Naphthofurane 

CiiHgO 

2(56. 

2,3 ,.5-Tri methyl iiapht h alene 

Ci.-,Hu 

267. 

Hydrcxiuinorie 

C«H «02 

268. 

2,3,6-Trimethylnapht halene 

C 13 H 14 

4S!) 

1 Orlov, N. A., Protyanoru, 

K. F., 


Fleuonlov, V. r., Khitn. Tvcrdogo Toiiliva, 7, 
74S-r)K (I'JSO). 

4Ji« WeisHgorluT, K,, nnd Knilior, <)., Jfrr., S2, 
:{4«-70 (1019). 

191 Kruber, ()., nnd Schade, W., ihid., <10, 
1721»-9 (lOftG). 

•49J Path, B. M., Niwnibnuin. S. 1., nnd bVdo- 
rova. B. Y., Orff. Chem. Jnd. (r/.N.fif./C.), 7, 
244-7 (1040). 

49a Krubor, O., Ber., 50, 2752-00 (1920). 

494 Kruber, O., Anffew. Chem., 53, 09—74 
(1940). 

49,'i Krubor, ()., and Marx, A., Ber., 72B, 
1970-1 (1939). 

490 Kruber, O., t6(d., «2B, 3044-7 (1929). 

497 VVolHsgerber, R., ibid., 52, 370—1 (1919). 

49« KrubiT, O., and Sehade, W., ibid., <I8B, 
11 0 (1935). 

499 Kruber, ()., ibid., «5B, 1382-90 (1932). 


Boiling 

Point 

Melting 

Point 

H-L 

References 

259.2® 

103.7® 

L 

244; 414 

259.55® 

16-17® 

H 

205 

260.5® 

no® 


489; 304. 325, 487, 400 

262® 

97® 

H 

489; 304, 490 

262® 


U 

491 

262.40® 

29,8-30® 

H 

205 

262.5® 



489: 247, 254, 387, 400 

262.70® 

19® 

H 

205 

264.20“ 

9-10® 

H 

205; 247, 254, 304, 402 

264.90® 

76® 

11 

205 

265* 

95® 

H 

260; 217, 493-4 

265-266.5® 

80-80.5® 

H 

405 

265.50® 

85-86® 

H 

205 

266® 

85® 

H 

260; 217, 493 

266® 

104.5® 

H 

489; 496 7 

266-267® 

-3.5® 

H 

498; 491 

207® 

5® 

11 

260; 217 

267® 

60® 

H 

260; 217, 493 

269® 


H 

260; 499 

>270® 


11 

500 

271® 

48® 

H 

260; 400 

271-272® 

61® 

11 

493; 404, 501 

275® 

67.5 

H 

316; 390 

276.5® 

111 . 6 ® 

1 . 

273; 313, 315, 473 

280® 

13.5® 

H 

502; 503 

280® 

94® 


260; 434, 475, 504 

280.7® 

96® 


501; 62, 111, 239, 241, 260, 

282 284® 


H 

325, 387, 404, 442, 450, 
492, 499, 505-8 

247; 509 

284-286® 

50- 51® 

H 

247; 269. 509 

285® 

25.3® 

H 

510 

285® 

172.3° 

L 

273; 313, 315 

286.0® 

102 . 0 ° 


511; 512 


r,uo Gnnguli, S. K., and Quba, P. C., Indian 
Chem. Hoc., 11. 197-206 (1034). 

501 Knrbat<>v, V. Y., Cumm. Trnv. Hri. Rep., 
17, 24 (1925) ; Tablen annucllee, 7, I, 224 (1930). 
soaKrubor, O., Ber., 72B, 1072-7 (1930). 

503 Krnbor, O., Tver u. Bitumen, 88, 13-4 
(1940). 

504 8(>bulzp, K. R., Ann., 227, 143-53 (1885). 
.505 BortliPlot, P. 10. M., Bull. hoc. chim., [2], 

7, 43- 53 (1807). 

soaGrilbo, C., Ber., .5, 15-7 (1872). 
r.07 (irig(»rVv, S. M., Gluzman, L. D., Ivanush- 
kina, V. A-, nnd BraHlavakaya, D. I.. Chimie d 
indUHtrir, 44, 43 (1040). 

508 Karpukhin, P. P., and Slominakii, L. I., 
Vkrain. Khem. Zhur., 10, 392-411 (1935). 

600 Does, .7., Z. offentl. Chem., 8, 151 (1002). 
sioKnibor, ()., Ber., 78, 1174-5 (1040). 

511 Kriibor, O.. ibid., 72B, 1072-7 (1039). 
sisKruber, (»., Tecr u. Bitumen, 88, 13-4 
(1940). 
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No. Compound 

209. /»-Naphthol 

270. Dipbenylene oxide 

271. 2,4,6rTrimethylquinoline 

272. 3,4'-Dimethyldiphenyl 

273. 4,4'-Dimethyldiphenyl 

274. 7 -Diphenylenemethane 

275. 4,5-BenKindan 

276. l-Naphthonitrile (1-cyano- 

naphthalene) 

277. 1-Methyldiphenylene oxide 

278. Fluorene 

279. Hydroacridine 

280. 1-Naphthylamine 

281. 2>Methyldiphenylene oxide 

282. 2-Naphthonitxile (2-cyano* 

naphthalene) 

283. 2-Naphthylamine 

284. Paraffin (octadecane) 

285. Heneicoeane 

286. 2-Methylfluorene 

287. 3>Methylfluorene 

288. p*Phenylphenol 

289. Melene 

290. Tricoeane 

291. Tetracnaane 

292. Pentacosane 

293. Docoeane 

294. Nonadecane 

295. Hexacosane 

296. Heptacoeane 

297. Octaoaaane 

298. Diphenylene sulfide 

299. Phenanthrene 

300. Tetrainethylbiphenol 

301. Anthracene 



Boilinff 

Melting 

Formula 

Point 

Point 

CioHsO 

286* 

123* 

CisHgO 

287* 

86 * 

CijHuN 

288* 

50° 

CmH,4 

289* 

14* 

CmHu 

292* 

122 * 

CuHio 

295* 

118* 

CisHi2 

295® 


C 11 H 7 N 

297“ 

34* 

CuHtoO 

298* 

45* 

CiaHio 

298* 

115* 

CuHnN 

d.300* 

107* 

CjoHjN 

301® 


CuHioO 

303 304* 

66 * 

CuHtN 

304* 

67* 

CioHgN 

300* 


CisHgg 

308* 

28.0° 

C2»H44 

>310® 

40.4* 

Ci4Hi2 

318* 

104* 

CuHij 

318® 

85° 

C 12 H 10 O 

319* 


CsoHgo 

>320* 


C23H4g 

320.7* 

47.4* 

C 24 IU 0 

324.1* 

51.1* 

CggH 62 

>325* 

63.3* 

C 22 H 46 

327* 

44.4* 

C 19 H 40 

328° 

3.3° 

C 26 H 64 

>330* 


C 27 H 68 

>330* 


CggllsK 

>3.30* 


CizilgS 

.332° 

97* 

C 14 H 10 

340° 

100* 

CiglllsDg 

341° 


C 14 H 10 

342.3* 

217° 


H-L References 

260; 434, 473, 475, 604, 513 
H 260;122,269,499, 607,514-5 
H 494 

H 260; 499 

H 260; 499 

H 247; 119 

H 260; 490 

H 260; 499, 516 

H 260; 499 

H 125; 62, 122, 325, 363, 404, 

442, 450, 499, 607, 517-20 
H 521; 281, 522 

H 523 

H 516 

H 260; 499 

H .523; 426 

258; 247, 289 
258; 247, 404 
11 260; 499 

H 260; 499 

H 524 

L 625 391, 526 

268; 247, 404 
268: 239, 247, 404, 527 
247; 239, 404, 627 
258; 247, 404 
260; 241, 247, 499 
— ; 239, 247, 404, 527 

-; 230, 247, 627 

-; 239, .527 

H 260; 271, 454, 499 

11 501; 62, 131-2, 260, 304, 325, 

404, 450, 499, 528 9 
H 524 

.501; 62, 86, 90, 137, 209, 220, 
226, 254-5, 303, 315, 325, 
338, 4.50, 499, 505, 530-43 


.'■•18 Weindrl, A., Itrennstoff-CJu m., 3, 245-9 
(1922). 

r>i4 Kriliner, (}., hikI WelaKRerber, U.. Bcr., 34, 
1662-'7 (1901). 

Kruber. (I., (ler, Pats. 451,.536 (1927), 

491.594 (1928). 

fiioKrnber, ()., Marx, A„ and Sohade, W., 
Iter., Tin. 2478-84 (1938). 

BJT AktlenpeHellHchaft fiir Teer iind Erdi’d- 
Indnstrio, (Jer. Pat. 124.1.50 (1901). 

RisAnHChUtz, R., Ber., 11, 1216-7 (1878). 

5i» Rerthelot, P, E. M., Bull, hoc, rhhn., |2J, 7, 
274-.303 (1867). 

.v-»o Rahniann, E., Brit. Put. 325,810 (1928). 

Decker. H., and Dunant, Q., Ber., 42, 
1178-9 (1909). 


522 Boea, .1., Vhvm.-'Atg., 20, Rupert. 308 
(1902). 

.vjaKruher, O., Ber., OOH. 1053-4 (19.33). 
5:J4Kruber. ()., ihuL, OUB, 107-14 (1930). 

.'»2.'» Pletet. A., and (jaulia, M., llelv. Vhim. 
Acta, 0, 027-40 (1923). 

.'i 20 Pictet, A., and Bouvier, M., Ber., 48, 926- 
33 (1915). 

527 (Jluud, W.. ihhl., .'S2, 1039-53 (1919). 

G2H pittip, R., and Oatermnyer, E., Ann., 100, 
.301-82 (1873). 

■M’tt Khnielevskii, V. I., and Levin, I. S., Org. 
Chem. I nil. (U.B.B.R.), 7, 241-4 (1940). 

,'i.Hi) Aktienjresellschaft fiir Teer u. Erdiil-In- 
diiBtrle, Ger. Pat. 111,359 (1899). 

531 Anderaon, T., Chem. Soe., I,"!, 44-51 

( 1862 ). 
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No. 

Compound 

Formula 

Boiling 

Point 

Melting 

Point 

H-L 

References 

302. 

Acridine 

CisHftN 

34(>® 

110 “ 

11 

260; 269, 325, 450, 469, 606, 

303. 

2-Hydroxybiphenylene oxide 

CiaHgOa 

348® 

143® 

H 

544-6 

524 

304. 

Phenanthndme 

C 13 H 9 N 

349® 

106° 

H 

260; 494, 547 

305. 

3-Methylphenauthrene 

CibHij 

350° 

65® 

H 

516 

306. 

Carbuzole 

C 12 H 9 N 

352® 

244.8® 

H 

260; 62, 90, 137, 218, 220, 

307. 

2-H ydroxy fl uoretie 

Ci.sIIiod 

ca. 352® 


H 

226, 269, 2^0, 325, 404, 
450, 539, 548 51 

436; 524 

308. 

4,6-Phenant hry lenemetnuue 

Cull 10 

353® 

11 ('*® 

11 

550 

309. 

9-Metliylphenauthrene 

C 15 H 12 

3.54 355® 

92° 

H 

516 

310. 

l-Methylphenanthrcnc 

C,5lll2 

354-355® 

119° 

H 

516 

311. 

2 -Phenyliiaphthalpne 

C 16 H 12 

3.)7 358° 

103° 

H 

516 

312. 

Hydroxyanthraeene 

CmH.oO 

d. 360° 


II 

304; 5.52 

313. 

Naphthaeene 

C 18 H 12 

>360'' 


II 

—; 90, 304, 553 

314. 

2 -Methylanthracenc 

Cull 12 

>360® 

202 ° 


247; 315. .135, 537, 5.54 5 

315. 

2,7-Dimethylanthracene 

C,fill ,4 

>360° 

241° 


— ; 304, 31.5, 556-7 

316. 

2 , 6-1 Ijinethylauthraceno 

C,«H,4 

>360® 

250° 

L 

- , 31.5, 335, .537, 566 

317. 

2,3,6-Trjinethylanthraccne 

C 17 II 16 

>360® 

245° 

L 

-; 31.5, .5.37, 5.58 

318. 

2,3,0,7-Tetrainethylaut hracene 

Ci»His 

>3(i()® 


L 

- ; 316, 537 

319. 

2,6-Dimethylnaphthacenp 

C 20 H 16 

>360° 

341° 

h 

3.35; .537 

320. 

Nonacosane 

C 29 H 60 

>360° 


L 

- ; 239, 527 

321. 

2-Methylcarbazole 

CuHuN 

3()3° 

259® 

II 

260; 516 

322. 

1,2,3,4-Tetrahydrofluoranthene 

CihHi4 

3()3 305° 

76° 


1.56 : .550, 6.50 

323. 

Truxene 

(C9H6)2 

B. 304 365° 

304 (>5° 


560, 2(59, 413, .561 

324. 

3-M et hyloarbazolc 

or (C 9 H«) 
C,.,lliiN 

4 

365° 

207° 

11 

260; 516 


r*3J Hro('iii)<‘r, ,T., nnd (ju(7iko\v, II., tfim/lrrH 
Polutcrh. a«l, 545 (3871) ; Ch<m. Zenit., 42, 
(5H0 1 (3871). 

r»3.’< Fritzschf*, J. prakt. C/icin,, 73, 282-})2 
(1858). 

Ja('K<T, A. O., U. S I»nt. 1,1)78,580 (1035). 
r.J.". A. ()., Hrif. I*nts. 304,028. 304.020. 

304,723 (1020). 

r.30 Maister. Lnciiis, anil Urnnin;?. Chetn. Nru'tf, 
34, 107 (1870). 

i>.{7 Alorpin. (} T., nnil ('oijlson, E. A., ,7. Nor. 
rhitn Inti., r*;i, 71 3T (1034). 

r>3s roljakovii, 1. M., Oriy. Chem Ind. (7 N. 
X 77.), 7, 305-8 (1040). 

not I*()hfnvskii. I. Y., ArdashiM. 11. 1.. anil 
Khmrli'vskii. V. T.. Kuhs. Pat. 52,301 (1037). 

ri4i) Koiiiy uiiil Erlnirl, (liT Pat 38.417 (1880); 
Vhem Zrnir , 58. 300 (1887). 

!sii Vesrly, and VotoT^ek, E., (Jer. Pat. 364,- 
508 (1005). 

.’>42 Warm), C. M.. (irr. Pat. 12.033 (1880). 
a43Yulo. J. A. (\, U. S. Pat 2,213,755 (1941). 
&44 Grubr, C., and Caro. II., Her., 3, 740 
(1870). 

04.'> Grilbe, r.. and Caro, H.. J. prak. Chem., 
110, 183-5 (1870). 

r.4(, Grain*, C., and Caro, H., Ann., 1.58, 205-81 
(1871). 


^>47 SirliHcli, ,1., and Sandkr, K., Ber., GOB, 
433 4 (3033). 

MsGrilbi*, (’., Ann., 170, 88 (3873). 
f>({* KbinidavKkii, V. I., and Lovin, I. S., Org. 
Chun Ind. (f.N.N/7.), 7. 308 10 (1940). 
r..'io KrubiT. ()., Her., G7II. 1000-5 (1934). 

.'iM Strniart, M., and Schulz, F., Chimic A 
indUHlru', .31, 507-13, 700 72 (1034). 
n.-i.; Ndltiii);. E, Her., 17, 380-7 (1884). 

,%,%.•» WintiThtcm. A., 7\ Cungr. tnhrn. quim. 
pura apUeada, 4, 111-3 (1034). 

.s.M .lapp, F. K, and Scliultz, G., Ber., 10, 
3040 52 (1877). 

55.'v AIorKan, G. T., and Pratt, D. I)., Nature, 
118. 805 (1920). 

57.6 MurKan. G T., nnd roulson, E. A., J. Chem. 
Noe., i:i2, 2203-14 (1920). 

5.57 Waclicndorf, C., and Zinckc, T., Her., 10, 
1481 0 (1877). 

558 Morgan, G. T., and C’oulson, E. A., J. Chem. 
Hoe., 132. 2551-9 (1920). 

5,59 Yor llraun, J., and Afan/., G., Ber., G,3B, 
2008-12 (1930). 

. 56 oEvorcH(. A, E., The Higher Coal Tar Jly- 
drocarhonn, lAmgnianK, Green & (\)., Now York, 
1027, 334 i)i». 

561 Kramer, G., Her., 30, 645-8 (1003). 
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No. 

Compound 

Formula 

Boiling 

Point 

325. 

Fluoranthene 

Ciellio 

382® 

326. 

2,3,5,6'DibenBocoumarone 

CieHioO 

392-397“ 

327. 

Pyrene 

CieHio 

393® 

328. 

1,9-Bencoxantheue 

CizHiflf) 

395® 

329. 

2-Hydroxyphenanthrene 

CuIIioO 

396® 

330. 

(2>phenanthrol) 

Retene (8-methyl-2-iHopropyl- 

Cisllis 

396.8“ 

331. 

phenanthrene) 
l,2-Benzo6uorene (naphtlio- 

C 17 H 12 

413® 

332. 

fluorene) 

2,3-Benzofluorene (iaunaphtho- 

Ci7H,2 

415® 

333. 

Ouorene) 

Naphtho-2',3'-l,2-anthracenc 

0221114 

>424° 

334. 

1,2-Benaonaphthacene 

02211,4 

> 42.'>® 

335. 

Fhenanthridone 

CtallsNO 

4.35® 

336. 

Dibenzothiouaphthene 

CiellioS 

ca. 440° 

337. 

Sulfur 

S 

444.0' 

338. 

CbryBcne 

CihHi2 

448.5' 

339. 

Triphenyione 

CisHia 

450® 

340. 

2,3'-Benzooarbazolc (plieuyl 

CieHuN 

ca. 450° 

341. 

naphthyl carbazoie) 

Crackene 

C 24 H 18 

d. 500® 

342. 

Benzerythrene 

C 24 H 18 

>500® 

343. 

1,2-Benzanthraceiie 

CjgHi2 

500-510' 

344. 

Perylene 

C 20 U 12 

,500-510' 

346. 

4,5-Benzopyrene 

C 20 H 12 

600 510' 

346. 

1,2-Benzopyrene 

C 20 H 12 

600 510' 

347. 

Piccue 

C 22 H 14 

519® 

348. 

Ammonium ohlorido 

NH 4 CI 

B. .520® 


5(12 Fittlg, K., and Gcbliurd, F., Ann., 1D3, 
142-60 (1878) ; Bcr., 13, 437-8 (1880). 

563 Karpukhin, P, P., and Sloininskii, Ij. I., 
Vuk€ and Chem. {V.S.8,R.), 1938, No. 10, 41-4. 
r.fl4Krubc*r, O., Jter., 70, 1556-04 (1937). 

5«r. Lodoror, E., Chirnie «£ induntriv, 33, 1072 
8 (1935). 

506 I. G. FarboninduHtrii*, Fr. I’at. 49,191 
(1938). 

567 GralM', C., Ann., 158, 285-99 (1871). 

668 GrUbe, C., and Lieberinann, Itir., 3, 

152-6, 742-0 (1809) ; J. prakt. Chcm., 110, 

180-91 (1870). 

oaaKruber, ()., Iter., 09B. 246-7 (1936). 

670 Krubpr, O., ibid., 72B, 771-2 (1939). 

671 Krubor, O., and Rappon, L., ibid., 73, 
1184-6 (1940). 

672 Kehlstadt, A., ibid., 13, 1346-7 (1880). 

678 Cook, J. W., Hewptt, C. L., and Hieger, 

I., J. Chcm. Boc., 395-405 (1933) ; Nature, 130, 
926 (1932). 

674 FrltZBche, J., Chcm. Zentr., 37, 289-91 
(1806). 

67:> Griibo, C., and llOnlgBberger, F., Ann., 
311, 257-75 (1900). 


Melting 



Point 

H-L 

References 

109® 

11 

260; 155, 157, 269, 450, 620, 



662-3 

206° 

11 

564; 565 

148® 

II 

260; 156-7, 255, 303, 460, 



520, 563, 566-8 


H 

564 

168-69® 

11 

569 


11 

501; 247, 269, 271, .520 

189 90® 

11 

260; .564 

208 09® 

11 

260; 664 


H 

436; 90 


H 

436; 90 

293® 

H 

570 


H 

571 

112.8" 

H 

244; 572 

255® 

H 

501; 144 5, 269, 303, 4.50, 



.505, 520, 566, 668, 673-7 

197® 

H 

577; .576 

ca. 330® 

H 

304; 247, 450, 56.5, 573, 578- 



81 

308® 

11 

269; 582 

317® 

11 

-; 583 4 

160° 

H 

573; 304, 677 

273 74® 

Ji 

673 

179® 

11 

573; 436 

177® 

11 

573; 436, .58.5-6 

364® 

11 

,587; 243, 304, 520, 588 

244; 241, 251 2, 260, .589 

rc KafTer, H. 

, Bcr., 08B, 1812-3 (1935). 

77 Sturrnek, 

M. G., and Lawe, T., Van. J. 

enreh, 17B, 

71-4 

(1939). 

7HGrUbe, C., 

and 

Kneebt, W., Bcr., 12, 341-3 


(1879). 

r.niGriibp, <’., and Kiioclit, W., ibid., 12, 2242-3 
(1879). 

r.Hodnibc, C., and Knpcbt, W., Ann., 202, 1-19 
(1880). 

,'VKi Winlprslnin, A., and Sclnin, K., Z. physiol. 
Chcm., 230, 139-45 (1934). 

r.s2 Hornstoin, E.. Iter., 39, 1238-42 (1900). 

riK.i Kertliplot. 1’. E. M., Ann. rhim. phys., [4], 
9, 445-09 (1800). 

r.84 Schultz, G., Iter., 11, 95-C (1878). 

685 Kling, A., and Ilpros, M., Compt. rend., 
208, 2076-7 (1939). 

586 MleBcber, G., Almasy, F., and Kliiui, K., 
Biochem. Z., 287, 188-97 (1936). 

687 Friedman, W., Her., 49, 277-84 (1916). 

5«8Ra8cnack, P., ibid., fi, 1401 (1873). 

r>8» Ja)>p<iit> A., and Steiiiinann, A., Brennstoff- 
Chem., 21, 13-4 (1940). 
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Dilute ammoniacal liquors are produced 
in coke and gas plants, and their disposal 
has been a major problem for these in¬ 
dustries since the earliest days. Within 
the past twenty years great progress in 
the development of new treatment methods 
has been made, although the incentive for 
further im])rovements has been reduced by 
the decline in value of the ammonia. In 
order to facilitate further progress, the 
technical information on this branch of in¬ 
dustrial waste disposal, including comiiosi- 
tion, quantities, and methods for treatment 
of the liquors, has been summarized in this 
chapter. 

Twenty years ago the ammoniacal li(]uors 
were an important source of ammonia, but 
the tremendous expansion of the nitrogen- 
fixation industry has profoundly changed 
the picture. The price of ammonia has 
decreased so seriously that in a number of 
coke plants ammonia is now recovered as 
sulfate or liquor merely because no cheaper 
method for its disposal is available. The 
United States Tariff Commission in 1937^ 
showed that the proportion of the value of 
the ammonia to the total value of the proc- 

1 U. 8. Tariff Comm., Kept. 114, Second Series 
(1937), p. 35. 


essed j'roducts per ton of byproduct coke 
produced declined from 12.1 percent in 
1913 to 3.3 percent in 1934. This reduc¬ 
tion in value of ammonia stimulated efforts 
to recover other compounds from the liq¬ 
uors and to develop cheaiier and more effi¬ 
cient methods for its disposal. 

Another factor has emphasized the need 
for continued research, that is, the increas¬ 
ing public consciousness regarding the value 
of our natural resources. This conscious¬ 
ness has led to a steadily rising tiemand that 
additional pollution of our rivers and lakes 
be jirohibited, and that existing conditions 
be improved wherever jiossible, particu¬ 
larly where wastes with outstandingly ob¬ 
jectionable characteristics are discharged 
into a stream. 

In respect to ammoniacal liquors the pol¬ 
lution difficulty has been aggravated by the 
extremely penetrating medicinal tastes 
which phenols in solution impart to drink¬ 
ing water after chlorinaiion. As a conse¬ 
quence, a large number of coke plants have 
avoided discharge of the waste liquors into 
streams, or have drastically improved the 
quality. This public pressure has been an 
important incentive to more intensive 
study of ammoniacal liquors and their 


1371 
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wastes, and of methods for their treatment. 
As used in this chapter, phenol is a generic 
term which includes not only phenol itself 
but also its higher homologs. 

Past investigations have resulted in defi¬ 
nite improvements in the situation, so that 
few coke or gas plants now discharge un¬ 
treated wastes into streams. Several proc¬ 
esses for dephenolizing the liquors have 
been developed and are in operation at a 
number of plants, notal)ly the benzol ex¬ 
traction and the Koppers vapor recircula¬ 
tion processes. Both yield a salable prod¬ 
uct, the return on which materially assists 
in paying for the cost of treatment. 

Biological treatments for purifying the 
liquor have been investigated, and still 
waste in admixture with ordinary city sew¬ 
age has been purified for a number of 
years in several sewage-disposal plants. 

The problem of inorganic salts has been 
studied, and ammonium chloride of a grade 
suitable for galvanizing has been produced 
after evaporating the liquor. 

Although these advances have gone far 
toward improving the situation in many 
plants, other phases of the problem still 
require attention. Thus, the low price of 
ammonia necessitates a search for methods 
by which its cost of recovery can be re¬ 
duced. Sulfuric acid is a major item in 
the cost of ammonium sulfate, and its elim¬ 
ination or methods for reducing its price 
are receiving attention. IVoduction of am¬ 
monium chloride, which is ])resent as such 
in the liquor, has been restricted by the lim¬ 
ited market, but the development of new 
uses should increase production. 

Methods for recovery of the sulfur diox¬ 
ide in stack gases by use of the liquor have 
been proposed. The sulfite produced is 
oxidized to sulfate. Thus, in addition to 
furnishing the sulfuric acid for combining 
with the ammonia, such a process has the 


further advantage that the quantity of sul¬ 
fur compounds discharged by the plant to 
the atmosphere is reduced. 

Since ammonium bicarbonate has given 
good results as a fertilizer, its production 
has received attention in Europe, particu¬ 
larly in Great Britain. In producing this 
salt, carbon dioxide from the coke-oven gas 
has l)een used, as well as that from outside 
sources. 

Ammonia, free or as the chloride, and 
phenols are the only compounds which 
have been suc(‘essfully recovered from am- 
moniacal liquors to any extent. Attempts 
to recover other values have been seriously 
hampered by the high dilution of the com¬ 
pounds. The cost of evaporating the liquor 
proves a serious item, even where waste 
heat can be utilized. Concentration of the 
liquor by recirculation in oven mains has 
proved iiractical in a few instances, but the 
possibilities in using waste heat from other 
sources should be examined. 

Dephenolized waste liquors still contain 
small amounts of phenol and appreciable 
concentrations of other organic matter. 
Although not as objectionable as phenol, 
organic matter may produce odors, tastes, 
and color in some streams and may seri¬ 
ously increase the oxygen demand of the 
water. Few analyses of the organic matter 
in the liquor have been made, so that little 
i.s known about this complex mixture. In¬ 
creased knowledge should lead to improved 
methods for elimination of residual com- 
poiinds, and analytical work is recom¬ 
mended where further purification proves 
necessary. 

The waste liquor from the ammonia 
stills is used in a number of plants for 
quenching the incandescent coke from the 
ovens. This procedure completely elimi¬ 
nates the w^aste but is oiien to serious ob¬ 
jections from the standpoints of increased 
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plant corrosion, deleterious effect on coke 
quality, and possible pollution of surround¬ 
ing? territory with the spray. The substi¬ 
tution of other treatments which will not 
require evaporation of the waste on the 
coke but will abate stream pollution should 
result in considerable savinj?s. Develop¬ 
ment of the dephenolization processes has 
been a noteworthy step in this direction. 

Although bacterial processes have been 
used to destroy the organic matter, the 
action of the organisms is relatively slow, 
and they may be injured unless the liquor 
is highly diluted. These factors have re¬ 
sulted in unfavorable costs and high ground 
area requirements. Methods which will 
accelerate the action or reduce the degree 
of dilution required would add to the in¬ 
terest in this method of treatment. 

A strictly chemical treatment for elimi¬ 
nating organic matter, such as an oxidation 
process, should jiermit a more positive con¬ 
trol of jnirilication results. So far, all such 
l)rocesses have ])roved costly, but they 
should be reexamined with a view to their 
utilization for eliminating traces of phenols, 
as wtII as for destroying other organic 
compounds, wherever more complete elimi¬ 
nation i)roves essentijd. 

As the i)roper solution of a liquor-dis- 
l)osal problem in a particular j)lant is de¬ 
termined almost exclusively by local con¬ 
ditions, no general statement is possible. 
An intelligent evaluation of the factors in¬ 
volved will often rec|uire a high degree of 
technical knowledge. A liquor-disposal 
l)roblem may be studied from three angles: 
(1) imi)rovement in existing processes for 
treatment of the liquor and reduction in 
their costs; (2) develoinnent of treatments 
to eliminate the organic matter, including, 
if possible, recovery of additional values; 
and (3) elimination of inorganic matter, 
particularly recovery of chlorides for sale. 


Source of Liquors 

The volume of ammoniacal liquor and its 
composition depend to a large extent on 
the method of carbonization and on the 
form in whxdi the ammonia is recovered 
from the gas. Three methods for recovery 
of the ammonia, the semi-direct, the indi¬ 
rect, and the direct processes, are in use. 
In the semi-direct and indirect processes 
the hot gases from the ovens are cooled, 
and a large portion of the ammonia is 
condensed as a dilute, aqueous liquor. In 
the semi-direct process the ammonia is dis¬ 
tilled from this weak liquor and returned 
to the gas. All the ammonia is finally 
recovered from the gas as ammonium sul¬ 
fate. The semi-direct ])rocess is used in 
most American coke plants. 

In the indire(;t process the ammonia re¬ 
maining in tli‘' gas after separation of the 
condensate ’s scrubbtal out with water. 
The condensate and scrubber liquors are 
combined and distilled, and the ammonia 
may be used for the production of ammo¬ 
nium sulfate, concentrated rKpior, or other 
products. This indirect pr()C(‘ss is less 
widely used. 

In the direct process, the ammonia is 
recovered from the gas as ammonium sul¬ 
fate before the gas is cooled to the point 
of condensation. The condensate which is 
producetl in subsequent stages of the by- 
jiroduct apparatus, although substantially 
free from ammonia, will contain some of 
the organic matter found in the liquors pro¬ 
duced by the other processes. Its ])urifica- 
tion will involve similar treatments. The 
direct process has lieen used to some extent 
in Europe. 

Flow sheets for the semi-direct and indi¬ 
rect ammonia-recovery jirocesses are shown 
in Figs. 1 and 2. 
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Sprays Legend 



Fig. 1. Flow diagram for production and diHtlllntiou of wriik nniinoiiia lJ(|uor in a cuke plant 
usinp the semi-direct recovery process. 


SEMI-DIRECT PROCESS IN BYPRODUCT COKE 
PLANTS 

The hot gases leaving the ovens at a 
temperature of about 700® C ^ are cooled, 
first, in the standpipes from the ovens and 
in the collecting mains and, finally, in the 
primary cooler. The gas is cooled in the 
standpipes and mains by direct contact 
with a large volume of recirculated liquor 
w^hich is sprayed into the valve box on each 
standpipe and at points along the mains. 
The cooling is effected by evaporation of 
a portion of the water from the liquor. In 
American practice, the temperature of the 
gas leaving the mains to enter the primary 

2Gluud, W., and Jacobson, D. L,, Interna¬ 
tional Handbook of the By-Product Coke In¬ 
dustry, Chemical Catalog Co., New York, 1932, 
p. 460. 


cooler varies from SO to 100® C,-* ami the 
gas is usually close to saturation with 
water. 

In addition to cooling the gas, the re¬ 
circulated liquor performs other functions: 
(1) the larger part of the tar is condensed 
from the gas; (2) entrained solid and liquid 
materials are washed out of the gj i«; (3) 
ammonium chloride is dissolved from the 
gas by the liquor; and (4) the large vol¬ 
ume of liquor sweeping over the surfaces 
in the ascension pi])es and mains serves to 
remove pitchy deposits and keep them 
clean. 

Two types of primary coolers are in use, 
the indirect and the direct type. As its 
name implies, the indirect type contains 
tubes through w^hich cooling water is 

3/6id., p. 464. 
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I)a.sse(l. A direct primary cooler is a conn- 
fercurrent scriibhing tower, filled with 
wooden hurdles or other ])ackinR. Hot 
aqueous condensate, winch collects in the 
base of the t(Aver, is recirculated continu¬ 
ously through water-cooled coils back into 
the toj) of the tower. Cooling of the gas 
IS effected ])y direct heat exchange 1 be¬ 
tween gas and liciuor. 

Ammonia in the gas dissolves in the cool, 
liriniary cooler condensate, mainly as am¬ 
monium carbonate, sulfide, and cyanide. A 
light tar is also condensed, and tarry par¬ 
ticles still entrained in the gas are preci])i- 
tated. The aqueous condensate is decanted 
from the tar and added to the recirculated 
flushing liquor. The addition is more than 
sufficient to replace loss of water by evap¬ 


oration in the mains before the primary 
cooler. The surplus flushing liquor thus 
produced is withdrawn from the circulation 
system continuously and collected in stor¬ 
age tanks. Figure 3 shows the primary 
coolers, tanks, and decanters in a tyjiical 
byjiroduct coke jdant. The cool gas from 
the primary cooler is pumped by the ex¬ 
hausters through the other byproduct-re¬ 
covery and gas-i)urification operations. 

INDIRECT PROCESS IN BYPRODUCT COKE 
PLANTS 

In coke jilants using the indirect proc¬ 
ess, the method of cooling the gas is the 
same as in the semi-direct process. From 
the primary coolers the gas is pumped to 
the ammonia scrubbers, wherein it is washed 






















Pio. 3. A direct-type prlmnry cooler, tanks, and decanters in a byproduct coke plant ((^mrtesy 


of the K(»ppers Company ) 

with water to recover the uncondenscd 
ammonia.'^ A mimiier of types of scrubbers 
are in use, all desi^rned to remove the am¬ 
monia from the with the production of 
as concentrated a liquor as possible.® An 
efficient type, which has been commonly 
employed in American practice, consists of 
a series of chambers packed with wooden 

4Torrcy, B., Jr, U. S Pat. 1.487,768 (1924). 

5 Johns, W. 11., J. (/«« Lightinfj, 112, 189 
(1011). BarciifiinKcr, J. Oagbeleuchl., 63, 093 
(1920). Wcittcnhlllcr, H., Cluclcauf, 08. 313-9 
(1932). 


hurdles, through each of which an ample 
stream of liquor is recirculated. The gas 
enters at one end of the set of chambers 
and passes through all in series. The 
scrubbing water is admitterl to the last gas 
compartment and moves forward in coun¬ 
tercurrent flow to the gas with constant 
recirculation in each compartment. 

The ammonia scrubber has two functions: 
the ammonia in the gas must be reduced 
to the required limit, and a liquor with 
the maximum concentration of ammonia 
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must be produced. Since ammonia scrub¬ 
bing is a typical gas-absorption process, the 
efficiency of recovery of the ammonia from 
the gas and the strength of the liquor will 
depend on such factors as partial pressures 
and vapor pressures of ammonia in gas and 
solution, respectively, temperature, volumes 
of gas and solution, contact area, and scrub¬ 
ber design.® 

The ammonia is present in the scrubber 
liquor, not as ammonium hydroxide, but in 
the form of ammonium salts, principally 
sulfides, carbonates, and cyanide. Curves 
showing typical equilibriums between am¬ 
monia in gas and scrubber liquors are 
shown in Fig. Partial and total pres¬ 
sures of aqueous solutions of ammonia for 
use in ammonia-scrubber calculations have 
been determined by Terres and Weiser and 
by Hollings.^ The influence of carbon diox¬ 
ide and of ammonium chloride and phenol 
in solution on the vapor pre.ssure of the 
ammonia at various temperatures has been 
studied by Pextoii and co-workers,® and 
the results tabulated. 

The following standards have been rec¬ 
ommended by Bunte and Briiekner^® for 
ammonia scrubbers: hurdle-packed scrub¬ 
bers, 25-30 square feet of scrubbing surface 
or 0.5 cubic foot of scrubber space packed 
with hurdles per 1,0(X) cubic feet of gas 
per 24 hours; and rotary scrubbers, 11 to 

6 Kowalke, (). L., (). A., and Watson, 

K. M, Chvm. rf Met. Kng., 32. r>00-10 (1925). 
Sherwood, T. K., and Kilgore, A. .1., Ind. Eng. 
Vhrm., 18, 744-6 (1926). 

7 Pacilie Toast (ias Assoc, Gas Engineers’ 
Handbook, Medraw-Hill Book To., New York, 
3934. 1). 443. 

8 Terres, E., and Weiser, IT.. J. Oasheleueht., 
03. 705-32 (1920) ; Chem. Abs., IS, 589 (1921). 
Hollings. H., Gas J., 182. 924-35 (1928); Oas 
World, 88. 668-79 (1929) ; Am. Gas J., 120, 
No. 3, 59-60 (1929). 

9 Pexton, S., Badger, E. H. M., and Silver, L., 
J. 8oc. Chem. Ind., 5, 100-13T (1938). 

10 Bunte, K.. and Briiekner, H., Gas- u. Was- 
fterfach, 81, 43 (1938). 


16 square feet of wetted surface per 1,000 
cubic feet of gas per 24 hours. 

OTHER CARBONIZING OPERATIONS 

The production of ammoniacal liquors 
in other systems of coal carbonizing is in 
general similar to the practice in coke 



Fkj. 4. The influence of temperature on the 
equilibrium between ammonia in coke-oven gas 
and ammonia liquors of different strengths.'' 
(Courtesy McGraw-Hill Book Company.) 

plants. By cooling the hot gases from the 
retorts, aqueous condensates are produced, 
which are handled in essentially the same 
manner. 

Volume of Liquor 

The volume of ■ ammoniacal liquor pro¬ 
duced by the carbonization of coal varies 
considerably, depending principally on the 
following factors: (1) the amount of 

11 Key, A., Gas Works Effluents and Ammonia, 
The Institution of Gas Engineers, London, 1938. 

p. 12. 








1378 


AMMONIACAL LIQUOR 


moisture in the coal charged; (2) the 
water produced by decomposition of the 
coal, i.e., the water of constitution; and 
(3) the system of byproduct recovery. In 
vertical retorts, steam is often passed 
through the charge during carbonization. 
In such plants, the amount of steam so 
added and the efficiency of its decomposi¬ 
tion in the retorts represent additional fac¬ 
tors. 

It is possible to give figures which indi¬ 
cate only approximately the volumes of 
liquors produced by the different systems 
of carbonization. The volumes produced 
per ton of normal bituminous coal as 
charged to different types of carbonizing 
plants are as follows: 

Coke-plant, semi-direct 
process for ammo¬ 
nia recovery 15-25 gallons 

indirect process 35-90 gallons 

direct process 7-10 gallons 

Horizontal retorts 35-40 U. S. gallons ** 

Continuous, vertical re¬ 
torts 66-60 U. S. gallons ” 

Low-temperature car¬ 
bonization 25 U. S. gallons “ 

Each percent of moisture in the coal is 
equivalent to 2.4 gallons of liquor per ton. 
Coal as charged frequently contains 4 to 5 
];)ercent moisture, which represents, there¬ 
fore, 10-12 gallons of liquor per ton. 

According to Morgan and Pettet,^® the 
water of decomposition produced in the 
carbonization of dry coal may amount to 
9.5 U. S. gallons per ton. They stated that 
the carbonization of moist coal in ordinary 
retorts may yield 25 gallons of liquor per 

12 Page 649 of ref. 2. Marquard, F. F., Am. 
J. Pttb. Health, 18, 1497-500 (1928). 

18 Page 13 of ref. 11. Parker, A., Qas J,, 179, 
101-8 (1927). 

14 Lander, C. H., and McKay, R. F., Loto 
Temperature Oarbonieation, Ernest Benn, Lon¬ 
don, 1924, pp. 193-4. 

15 Morgan, G. T., and Pettet, A. E. J., J. 8oc. 
Chem. Ind., 56, 109 14T (1937). 


ton. The steam to vertical retorts may in¬ 
crease the liquor yield to 70 gallons per ton. 

A balance showing the sources of the 
liquor under the conditions in a gas plant 
has been made by Tutweiler,^® Table 1. All 

TABLE I 

Water Balance for Liquor Formation in 
Gas Plant 

Percent 

of Coal Gallons 


Water in coal 

2 

4.8 

Water of constitution 

5.5 

13.2 

Fresh water added 

9.6 

23.1 

Total water 

17.1 

41.1 

Less water carried away in gas 

0.46 

1.2 

Liquor produced 

16.64 

39.9 


the ammonia, 4.5 to 5.5 pounds per ton of 
coal, was recovered as a liquor containing 
1.5 percent ammonia. 

The temperature of carbonization influ¬ 
ences the volume of liquor and yields of 
byproducts. Data on liquor and ammonia 
yields obtained by Fieldner and his co- 

TABLE II 

Ammonia and Liquor Produced at Differ¬ 
ent Carbonizing Temperatures 


Yields in Percent, As 
Temperature Carbonized Basis 


'^C 

oy 

NHg 

Liquor 

500 

932 

0.007 

5.6 

600 

1,112 

.028 

5.8 

700 

1,292 

.095 

5.9 

800 

1,472 

.131 

6.3 

900 

1,652 

.117 

5.1 

1,000 

1,832 

.106 

4.4 

ifl Tutweller, C. 

C., J. Franklin 

Jnat., 178, 


383-415 (1914). 

17 Fieldner, A. C., Davis, J. D., Thiessen, R., 
Kester, B. B., Selvig, W. A., Reynolds, D. A., 
Jung, F. W., and Sprunk, G. C., U. S. Bur. 
Mined, Tech. Paper 526 (1932), 60 pp. 
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workers in the experimental coking of Pitts¬ 
burgh Seam coal are shown in Table II.^^ 

Composition of Liquors 

Ammoniacal liquors are usually clear 
solutions of a light shade of either brown, 
amber, or yellow. On exposure of the alka¬ 
line solution to the air, some of the coin- 
j)ounds are oxidized, the color darkens, and 
the liquor becomes cloudy from the forma¬ 
tion of insoluble products. 

The composition of ammoniacal liquors 
depends chiefly on the following factors: 

(1) the system of carbonization employed; 

(2) the nature and moisture content of the 
coal; (3) the type of condensing and 
scrubbing system, and its method of oper¬ 
ation. 

The ammonia is present in the form of 
its salts, which may be classified as fol¬ 
lows: 

1. “Free’^ salts, from which the ammonia 

IS liberated by boiling. The ammonium 
salts include the carbonate, (NH 4 ) 2 C 03 ; 
bicarbonate, Nn4HC03; carbamate, NH4- 
OCOfNHa); sulfide, hydrosul- 

fide, NH4HS; polysulfide, (NH4)2Sj.; and 
cyanide, NH4CN. 

2. ^‘Fixed” salts, from which the ammonia 
can be liberated by boiling after the addi¬ 
tion of an alkali. They may consist of the 
chloride, NII4CI; thiocyanate, NH4SCN; 
ferrocyanide, • (NH4)4Fe(CN)6; sulfate, 
(NH4)2S04; sulfite, (NH4)2S03; thiosul¬ 
fate, (NH4) 08203; and acetate, NH4C2- 
H3O2. 

The liquor also contains many organic 
compounds present in coal tar. The most 
important are the phenols, including both 
monohydric and polyhydric types. Smaller 
quantities of pyridine bases, neutral oils, 
and organic acids are present, together with 

18 Morgan, J. J., Manufactured Gaa, J. J. 
Morgan, New York, 1926, Vol. I, pp. 419-28. 
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other complex compounds about which 
little is known. 

ANALYSES 

Analyses of liquors from several Ameri¬ 
can coke plants will serve to indicate the 
concentrations in which the compounds are 
found and the extent of the variations. 
These analyses must not be considered 
typical of any particular type of plant or 
method of byproduct recovery because the 
concentration of each compound is affected 
materially by many factors. (Table III.) 

In Table IV are tabulated analyses of 
the liquors which were produced in an Eng¬ 
lish coke plant carbonizing Welsh coal in 
Otto Hilgeastock ovens.^** The analyses il¬ 
lustrate possible differences in the liquor 
from the different stages of the byproduct 
apparatus. 

Table V contains analyses of liquor from 
horizontal and from vertical retorts, and 
Table VI the analyses from different parts 
of the byproduct apparatus belonging to 
an intennittent vertical retort plant.*® 
Badger and Pickles ** have reported anal¬ 
yses of horizontal and vertical retort 
liquors. 

No correlation between the nature of the 
coal and the composition of the liquor has 
been made. The coals commonly used for 
the production of coke and gas do not vary 
greatly in their nitrogen content, but a 

19 Bailey, T. L., Ann, Kept. Alkalij dc.^ Workij 
63, 22-3 (1927). 

20 See pp. 7-9 of ref. 11. See also Lunge, G., 
Coal Tar d Ammonia: Pt. Ill, Ammonia, D. Van 
Nostrand Co., New York, 1910, pp. 1258-66. 
Parrish, P., The Design and Working of Am¬ 
monia Stills, Ernest Benn, London, 1924, Chap. 
8. Trans. Inst. Oas Engrs., 1927 to date; Go* 
J. and Gas World, 1927 to date. Bailey, T. L., 
Ann Rept. Alkali, do.. Works, 64. 31-5 (1928). 
See also p. 596 of ref. 2 and p. 445 of ref. 7. 

21 Badger, B. H. M., .7. Soc. Chem. Ind., 67, 
11.3T (1938). 

22 Pickles, L. S., Qas World, 81, 340-6 (1929). 
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Analyses op Ammoniacal Liquors from Coke Plants 


Total Recovery of 


Process 

Semi-Direct Sulfate 

Ammonia 

as Liquor 

Plant 

A *3 

B23 

C24 

D24 

Composition, grams per liter 





Ammoma, total 

7.60 

6.20 

4.65 

3.59 

free 

4.20 

4.76 

3.37 

2.70 

fixed 

3.40 

1.44 

1.28 

0.89 

Carbon dioxide as COj 

2.36 

3.94 

2.78 

1,74 

Hydrogen sulfide as H 2 S 

0.86 

0.34 

1.26 

1.13 

Thiosulfate as H 2 S 2 O 3 

0.022 

0.51 



Sulfite as H 2 SO 3 

2.84 




Sulfate as H 2 SO 4 


0.15 



Chloride as HCl 

6.75 

1.85 



Cyanide as HCN 

0.062 

0.05 



Thiocyanate as HCNS 

0.36 

0.42 



Ferrocyanide as (NH 4 ) 4 Fe(CN )6 

0.014 

0.039 



Total sulfur 

1.014 

0.57 



Phenols as CeHsOH 

0.66 

3.07 



Pyridine bases as CbHsN 

0.48 

0.16 

1.27 

0.98 

Organic number (cc. N /50 KMn 04 per 1.) 



4,856 

3,368 


23 Koppers Company, private communication, 1933. 

24 Private communications, 191&-9. 


TABLE IV 

Analyses op Ammoniacal Liquors from Different Stages of Byproduct Apparatus in a 

Coke-Oven Plant 

2 Annular 4 Water- 



Atmospheric 

Tube 

3 Water 

Collecting 


Condensers 

Condensers 

Scrubbers 

Well 

Volume of liquor produced per ton of dry 

coal, gallons 

4.5 

23.5 

33.0 


Temperature of gas entering, °C 

68 

61 

24 


Character of liquor 

Clear, 

Clear, 

Clear, 

Clear, faint 


colorless 

colorless 

colorless 

straw 

Analysis, grams per liter 

Ammonia, total 

4.7 

20.3 

6.1 

6.0 

free 

4.3 

19.5 

5.8 

5.5 

fixed 

0.4 

0.8 

0.3 

0.5 

Sulfide as H 2 S 

0.95 

3.08 

2.35 

1.02 

Thiosulfate as H 2 S 2 O 3 

0.11 

0.21 

0.14 

0.29 

Cyanide as HCN 

0.07 

0.10 

0.13 

0.05 

Thiocyanate as HCNS 

0.03 

0.10 

0.17 

0.08 

Phenol as CeHsOH 

3.10 

2.37 

0.48 

1.73 

Color-producing bodies, including higher 

tar acids as C 6 H 4 (OH )2 

Trace 

0 

0 

0 

Oxygen absorbed, parts per million 

6,150 

4,850 

1,080 

4,200 
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TABLE V 


Composition of Ammoniacal Liquors prom 
Gas Retorts 


Horizontal 

Continuous 

Vertical 

Carbonizing System 

Retorts 

Retorts 

Composition, grams per 
liter 

Ammonia, free 

15.0 

10.0 

fixed 

5.0 

3.3 

total 

20.0 

13.3 

Sulfide as H 2 S 

2.5 

1.5 

Cyanide as HCN 

0.10 

0.05 

Thiosulfate as H 2 S 2 O 3 

1.8 

1.8 

Thiocyanate as HCNS 

2.0 

2.0 

Phenols as CeHsOH 

2.5 

3.5 


TABLE VI 


Analysis of Ammoniacal Liquors from Dif¬ 
ferent Stages of Byproduct Apparatus, 
Intermittent Vertical Oven Plant 



Retort 

Con- 


Description of 

House 

dcnsei 

Scrubbei 

Liquor 

Liquor 

Liquoi 

Liquor 

Composition, grams per 




litei 




Ammonia, free 

4.1 

21.0 

38.1 

fixed 

16.2 

1.3 

0.8 

total 

20.3 

22.3 

,38.9 

Sulfide aa HjS 

0.2 

5.0 

8.4 

Thiosulfate as H 2 S 2 O 3 

3.4 

0.5 

0.5 

Thiocyanate as HCNS 

3,2 

0.7 

0.6 

Chloride as HCl 

22.9 

1.8 

2.6 

Carbonate as C ’'()2 

0.0 

19.2 

36.1 

Phenol as CeH^OH 

3.5 

4.7 

0.5 

Oxygen absorption (4 hr 




at 27" C) 




Total, ppm 

16,500 

19,080 

15,730 

Total, omitting sul¬ 




fide, ppm 

16,260 

12,410 

4,430 

Specific giavity 

1.022 

1.02 

1.04 


variation in the chlorine content of the coal 
should affect the proportion of fixed am¬ 
monia.-® This can be illustrated by com¬ 
paring the chloride content in the liquor 
produced during the coking of a coal from 
Saxony which is notoriously high in chloride 
with those from other German coals con- 

25 See p. 11 of ref. 11. 


1381 

taining a normal chloride content, Table 
VIL 

In direct-process plants the gas leaves 
the saturators at above 70® C, saturated 
with water vapor. Parker 2 ® has reported 
the analysis of an aqueous condensate which 
separated in the gas condensers of one 
such plant: total ammonia, 0.51; cyanide 
as HCN, 0.06; sulfide as H 2 S, 0.04; thio¬ 
sulfate as H 2 S 2 O 3 , 0.36; thiocyanate as 
HCNS, 0.24; phenols as CeHsOH, 6.30 
grams per liter respectively; and oxygen 
absorbed, 12,460 parts per million. A small 
amount of liquor, that had been condensed 
in the tar extractor which precedes the 
saturator in a direct-process plant, con¬ 
tained almost exclusively fixed ammonium 
salts.26.27 

other inorganic compounds 

In addition to ammonium salts the liquors 
contain small amounts of other inorganic 
compounds, such as iron salts which may 
come from plant equipment, and sodium 
or calcium salts from scrubber water. De- 
mann and Ter-Nedden, 2 « in their phos¬ 
phorus balance for the coke-oven operation, 
found that 2 percent of the jihosphorus m 
the coal charged appeared in the liquor 
and tar. 

ORGANIC matter 

High-temperature liquors usually contain 
between 2 and 5 grams per liter of mono- 
hydric phenols, which include phenol, cre- 
sols, xylenols, and higher acids, all deter¬ 
mined together as C(}H 5011 . The total 
phenolic content of a high-temperature 
liquor was found by Morgan and cowork- 
ers to be much less than that in the cor¬ 
responding amount of low-temperature liq- 

20 l»urk(‘r, A., Gas J., 179, 172-5 (1927). 

27 See i»p. 589 and 027-30 of rof. 2. 

28 Domuuu, W., and Ter-Nedden, W., Tech. 
Mitt. Krupp, 4, 1-6 (1936). 

29 Morgan, G. T., and Pettet, A. E. J., J. 8oc. 
Chem. Ind., 50, 72-4T (1931). 



TABLE VII 

Ammonium Salts in Liquors from German Coals 


Another 
City in 


Gas liquor from 

Chemnitz 

Saxony 

Bonn 

Trier 

Zurich 

Source of coal 

Zwickauer 

Zwickauer 

Ruhr 

Saar 

Saar 

Composition, grams per liter: 
Total ammonia 

12.09 

9.40 

18.12 

15.23 

. 3.47 

Ammonium thiosulfate 

1.036 

1.628 

5.032 

2.072 

0.296 

Ammonium sulfide 

0.340 

0.646 

6.222 

3.468 

1.428 

Ammonium bicarbonate 
Ammonium carbonate 

1.050 

4.560 

1.470 

7.680 

2,450l 

33.1201 

1 33.763 

5.856 

Ammonium sulfate 
Ammonium chloride 

0.462 

30.495 

0.858 

17.120 

1.3201 

3.7461 

1 4.922 

1.926 

Total ammonium salts 

37.943 

29.402 

51.889 

43.225 

9.506 


80 Lunge, Q., and KUhler, H., IHc Industrie des Stcinkohlcnteers und des AmmoniakSj F. Vieweg & 
Sohn, Braunschweig, 1012, Vol. 2, p. 183. 


TABLE VIII 

Analyses of Coal and the Liquors Produced therefrom by Carbonization at High and 

Low Temperatures 



Semi-Continuous 

Vertical 

Horizontal 

Carbonization temperature, °C 

625 

625 

625 

625 

1,350 

Coal 

Shafton 

Dalton Main 

South Hetton 

Mitchell 

Main 

Approximate analysis, % 

Moisture 

6.0 

2.7 

2.0 

1.4 


Volatile 

39.1 

34.5 

34.1 

31.8 


Fixed carbon 

50,0 

59.4 

59.4 

60.3 


Ash 

4.9 

3.4 

4.5 

6.5 


Ultimate analysis, % 

Ash 

5.1 

3.49 

4.56 

6.59 


Carbon 

75.5 

81.11 

81.31 

80.66 


Hydrogen 

5.0 

4.95 

5.33 

5.05 


Nitrogen 

2.0 

1.67 

1.73 

1.59 


Sulfur 

2.1 

0.96 

1.67 

1.62 


Oxygen 

10.3 

7.82 

5.40 

4.49 


Steam to retorts, % coal charged 

11,0 

9.7 

11.2 

10.0 


Moisture in coal as charged, % 

9.0 

2.2 

3.1 

4.0 

1.6 

Yield of liquor, gal/ton 

Analysis of liquor, grams/liter 

42.6 

33.2 

24.0 

26.6 

% 

18.0 

Neutral oil 

0.8 

0.5 

0.7 

0.6 

0.4 

Bases 

Trace 

Trace 

Trace 

Trace 

Trace 

Carboxylic acids 

1.7 

1.2 

1.4 

2.1 

0.6 

Phenols 

Total 

12.5 

9.8 

7.4 

5.8 

4.0 

Phenol 

1.3 

0.97 

0.41 

0.74 

1.44 

Catechol 

0.98 

Trace 

Trace 

0.01 

Nil 

Total ammonia 

7.4 

8.0 

9.0 

8.4 

30.7 

Total sulfur 

3.5 

2.0 

5.3 

4.4 

5.3 

Weight of phenol in liquor, Ib/ton 

6.17 

3.44 

1382 

1.92 

1.72 

0.72 
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uor from the same coal, but the high-tem- 
perature liquor was characterized by a 
higher content of phenol itself. Some com¬ 
parative data are shown in Table VIII. 

Polyhydric phenols have been found, 
particularly in liquors from vertical retorts. 
Bailey has published the results of deter¬ 
minations on the polyhydric phenols which 
absorb oxygen in the liquors from three 
horizontal and three vertical retort plants, 
respectively. The concentrations are ex¬ 
pressed as catechol in Table IX. Currey 

TABLE IX 


Polyhydric Phenols in Retort Liquors*^ 


Horizontal retorts. Works A 

Parts per Million 
190 

B 

160 

C 

270 

Vertical retorts. Works D 

600 

E 

1,150 

F 

2,240 


found that polyhydric phenols, present in 
a vertical-retort liquor to the extent of 0.05 
to 0.1 percent by volume, were responsible 
for a red color in the water of the Parra¬ 
matta River. They consisted principally 
of catechol, but resorcinol and small quan¬ 
tities of trihydric phenols were also present. 
In addition a methyl ether (possibly guaia- 
col) was detected. 

Liquors from high-temperature coking 
ojierations contain pyridine bases. The 
concentrations in the liquors of Table III 
ranged from 0.16 to 1.68 grams per liter. 

Ammoniacal liquors also jirobably con¬ 
tain organic sulfur compounds. Sulfur bal¬ 
ances were made by Bailey for the com¬ 
pounds in an ammoniacal liquor and a still 
waste with the results shown in Table X. 

31 Bailey, T. L., Ann. Kept. Alkali, dc.. Works, 
«». 26 (1927). 

3 a Currey, G. S., J. Soc. Ohem. Jnd., 42, 379- 
86 T (1923). 

33 Bailey, T. L., Ann. Kept. Alkali, do.. Works, 
65. 28 (1929). 


TABLE X 

Sulfur Balance in Ammoniacal Liquor ” 


Liquor 

Ammo¬ 

niacal 

Waste 
from Still 

Sulfur, present as sulfate 

grams 
per liter 
0.18 

grams 
per liter 
0.20 

Sulfur, present as sulfide 

0.99 


Sulfur, present as thiocy¬ 
anate 

1.38 

1.49 

Sulfur, present as thiosul¬ 
fate 

1.24 

0.80 

Total sulfur in compounds 

3.79 

2.49 

Total sulfur found 

3.90 

2.52 

Difference 

0.11 

0.03 


The difference in the total sulfur contents 
was not significant in the still waste, but 
Bailey considered it possible that organic 
sulfur compounds, other than those indi¬ 
cated, were present in the ammoniacal 
liquor. 

COMPOSITION OP low-temperature LIQUORS 

The liquors produced by the carboniza¬ 
tion of coal at temperatures below 700“ C 
differ greatly from those produced at higher 
temperatures. According to Fischer and 
Lessing the aqueous liquors from the 
low-temperature carbonization of both bi¬ 
tuminous and brown coal have an acid re¬ 
action. Only minute amounts of nitrogen 
enter the liquor; the major portion remains 
in the semicoke. Acetone and catechol 
were found in liquors from low-temperature 
carbonization of both brown and bitumi¬ 
nous coals. Methyl alcohol was also pres¬ 
ent in the liquor from the brown coal. 

Jones and Wheeler reported that bitu¬ 
minous coals when distilled in a vacuum of 

34 Fischer, F., and Lessing, R., Conversion of 
Coal into Oils, Ernest Benn, London, 1925, p. 43. 

35 Jones, D. T., and Wheeler, R. V., J. Chem. 
Soc., 105, 140-51 (1914). 
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5 to 40 millimeters at temperatures up to 
430® C gave an aqueous liquor containing 
hydrochloric acid and traces of ammonium 
chloride, Pictet and Bouvier^® reported 
the formation of an acid liquor by the dis¬ 
tillation of coal at 15 to 17 millimeters 
pressure at 450® C. No ammonium salts 
were found. 

Sinnatt, King, and LinnelP^ examined 
the aqueous distillates from a medium cak¬ 
ing coal distilled in horizontal retorts at 
temperatures ranging from 400 to 700® C. 
The concentration of the ammonia in the 
liquor increased over 1,000 percent as the 
temperature of coking was increased from 
400 to 700® C (Table XI). 


carbonization of a noncoking, ortho-lignit- 
ous coal at 625® C in vertical retorts 
amounted to 71.4 U. S. gallons per ton of 
the coal. Of this, 20.2 gallons represented 
water of decomposition of the coal, and 25.7 
gallons was introduced as steam to the 
retorts. The total ammonia in the liquor 
amounted to 5.5 grams per liter, and the 
total sulfur, 2.1 grams per liter. Groups 
of organic compounds were present in the 
following concentrations: neutral oils 0.2, 
bases <0.1, phenols 9.2, and carboxylic 
acids 3.7 grams per liter, respectively. 

A considerable proportion of the com¬ 
pounds in each group consisted of resins. 
The analysis of the neutral oils is shown in 


TABLE XI 


Effec t of Carbonization Temperatures on Liquors from Low-Temperature 
Carbonization ” 


Temperature of carboni- 


zation, ®C 

Yield of aqueous distil¬ 

400 

450 

500 

550 

600 

650 

700 

late, percent by weight 
of coal 

5.6 

7.01 

7.92 

7.70 

8.12 

8.20 

7.18 ' 

Reaction of liquor 

Acid 

Acid 

Acid 

Neutral 

Alkaline 

Alkaline 

Alkaline 

Color 

Pale 

Pale 

Purple 

Yellow 

Red 

Nil 

Red 


yellow 

yellow 






Specific gravity at 15® C 

1.003 

1.011 

1.006 

1.009 

1.009 

1.015 

1.016 

Ammonia, grams per liter 

1.24 

2.27 

3.23 

6.61 

12.06 

11.64 

15.68 

C/hlorine “ “ “ 

2.61 

6.80 

9.72 

12.86 

18.41 

14.35 

15.24 

Iron “ “ “ 

0.44 

0.55 

0.37 

0.24 

0.28 

0.21 

0.15 


Liquors from two low-temperaturc oper¬ 
ations were analyzed by Bailey,^® Table 
XII. 

Probably the most detailed studies of the 
organic constituents of ammoniacal liquors 
have been made by Morgan and his co- 
workers.^®* The aqueous liquor from the 

36 Pictet, A., and Bouvier, M., Ber., 4«, 3342- 
53 (1913). 

37 Sinnatt, F. S., King, J. G., and Linnell, 
W. H., J. Sue. Chem. Jnd., 45, 385-93T (1926). 

38 Bailey, T. L., Ann. Kept. Alkali, dc,. Works, 
64, 35 (1928). 

39 Morgan, G. T., Pratt, D. D., and Pettet, A. 
E. J., J. 8oc. Chem. Jnd., 48, 89-93T (1929), 
Morgan, G. T., and Pettet, A. E. J., ibid., 50, 
72-4T (1931). 


Table XIII. Among the bases, aniline, py¬ 
ridine, and a-picoline were identified. Resin 
amines were also present. 

In a mixture of fatty acids, which in¬ 
cluded formic, acetic, propionic, a-butyric, 
and /j-valeric, acetic acid predominated. 
Oxalic acid and a mixture of complex acids, 
termed resinoic acids, were found. From 
120 gallons of liquor phenols, polyhydroxy 
phenols, and resinolic acids (compounds 
less acidic than the resinoic acids yet more 
acidic than resinols) were recovered in 
amounts equivalent to the following con¬ 
centrations: phenol 1.53, catechol 0.94, and 
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TABLE XII 

Analyses of Ammonucal Liquors from Low-Temperature Carbonization of Coal®* 


Retorts internally heated, with addition of steam 


Process 

A 

B 

Character of liquor 

Yellow-brown, cloudy 

Yellow, clear 

Ammonia, free 

7.2 grams per liter 

2.4 grams per liter 

fixed 

0.9 

0.6 

total 

8.1 

3.0 

Sulfide as H2S 

0.3 

0.3 

Cyanide as HCN 

Nil 

Nil 

Monohydric phenols as CeHsOH 

4.24 

2.44 

Thiocyanate as HCNS 

0.16 

0.07 

Thiosulfate as H2S2O3 

0.23 

0.39 

Color-producing bodies (including higher tar acids) 
as C6H4(0H)2 

10.0 

0.6 

Oxygen absorbed (permanganate 4-hr test at 27° C) 

13,020 ppm 

5,650 ppm 


TABLE XIII 

Neutral Oils from Ammoniacal Liquor®^ 

Percent 


Resins 7.5 

Compounds precipitated by FeCla and 

HCl 12.0 

Oxygenated compounds extracted by 

FeClsandHCl 9.5 

Fiisaturated hydrocarbons 42.5 

Aromatic hydrocarbons 

(o) Forming crystalline picrates 3.5 

(6) Not forming crystalline picrates 8.0 
Saturated hydrocarbons 12.0 

Loss •'>•0 


resinolic acids 1.035 grams per liter, re¬ 
spectively. Also 0- and m-cresols, iso- 
homocatechol, homocatechol, resorcinol, and 
qiiinol were identified in various fractions 
of the phenolic matter. Analyses of the 
liquors from a number of coals indicated 
that the phenolic content depended largely 
upon the oxygen content of the coal (cf. 
Table VIII). The following concentrations 
of sulfur-containing compounds were also 
found, all expressed as weight of sulfur: 
sulfide sulfur 1.02, sulfite sulfur 0.24, thio¬ 
sulfate sulfur 0.65, sulfate sulfur 0.44, and 


thiocyanate sulfur 0.2 gram per liter, re- 
siicctivcly. 

An aqueous liquor from low-temperature 
carbonization, which was studied by Brit¬ 
tain, Rowe, and Sinnatt,'*’^ had a straw-yel¬ 
low color and was faintly acid in reaction. 
On neutralization, a gray precipitate sepa¬ 
rated which contained 24.4 jiercent iron. 
In Table XIV are listed the conqiounds 
which were detected; in some cases the con¬ 
centration was determined. About 15 per¬ 
cent of the total organic matter consisted 

TABLE XIV 

Organic Compounds in Low-Temperature 
Liquor 

Ammonia 2,9 grams per liter 

Pyridine bases 0.4 gram per liter 

Secondary bases Present 

Di- and triethylamine Present 

Phenols as CeHsOH * 0.6 gram per liter 

Catechol Present 

Formic and acetic acids Present 

Acetaldehyde Present 

Acetone Nil 

♦ Also present: 43 percent o-cresol, m- and 
p-cresol, and xylenols. 

40 Brittain, A., Rowe, P. M., and Slnnatt, F. 
S., Fuel, 4. 387-40 (1925). 
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of resinous compounds. A dilute, aqueous 
solution of the resinous matter had a brown 
color when alkaline, but the color was dis¬ 
charged when acid. 

The low-temperature carbonization of 
Lohberg gas coal gave 7 to 8 percent of a 
gas liquor containing 0.1 percent by weight 
of phenolic substances. No measurable 
quantity of phenol itself was detected in 
the products by (llund.^^ The amount of 
catechol in the liquors amounted to 0.0056 
percent by weight of the coal. 

Szeki and Romwalter^- reported that a 
liquor from low-temperature carbonization 
contained the compound 2NH4HCO3 * 
(NH4)2C03. The phenols absorbed both 
oxygen and sulfur and api)eared to be suit¬ 
able for ink production. 

Bornstein isolated catechol from the 
ether extract of another liquor. 

The organic matter in a liquor from the 
low-temperature carbonization of Utah coal 
was present in the following proportions, 
according to Brown and Branting: car¬ 
boxylic acids 0.39, phenols 2.25, bases 0.082, 
and neutral oils 0,1 gram per liter, respec¬ 
tively. The phenols included ])henol, 33 
percent; cresols (mainly m- and p-), 18 
percent; catechol, 4 percent; higher phe¬ 
nols, 4 percent; and tar resins, 37 percent. 
Ammonia in the liquor amounted to 0.397 
gram per liter. The liquor was neutral to 
litmus. 

Methyl alcohol was identified in the 
aqueous liquor from the low-temperature 
carbonization of coals in rotating retorts by 

41 Gliiiid, W., Or8. Ahhatidl. Kenntnia Kohle, 
8. 60-74 (1918). 

42 Sz^ki, J., and Itomwaltor, A., Hoy. Hung. 
Palatin-Joseph llniv. Tech. Kvon. Sci., Pub. Dept. 
Mining Met., «, 110-26 (1930) ; Ghrm. Abs., S3, 
8124 (1938). 

43B«rnHtHn. K., Ber., 8«, 4,824-5 (1902). 

44 Brown, K. L., and Branting, B. P., Ind. 
Eng. Chem., 20, 392-6 (1928). 


Kester and Daeschner.-^® The presence of 
phenol, acetone, acetic acid, and methyl 
ethyl ketone was reported. 

Oda^® found methanol, together with 
acetic acid, and traces of phenol, in the 
aqueous conclensate from the carbonization 
of lignite. 

MacLaurin rejiorted that the aqueous 
liquor from MacLaurin producers contained 
resinous matter which dyed wool in gray 
or yellow shades. Neither ferrocyanide nor 
thiocyanate was detected in this liquor. 

Rosenthal concentrated a large volume 
of retort liquor produced in the distillation 
of brown coal and analyzed much of the 
organic matter. The mixture of organic 
acids included many sulfur-containing and 
unsaturated compounds. Acetic, propionic, 
n-butyric, and valeric acids were identified 
by formation of their ethyl esters, and 
saturated acids boiling to 300® C were sep¬ 
arated. In the liquor were also found cate¬ 
chol ; phenols boiling from 200 to 300® C; 
pyridine; methyl indole; unsaturated and 
saturated aldehydes, including acetalde¬ 
hyde; ketones, of which acetone and 
methyl ethyl ketone were identified; methyl 
alcohol; and acetonitrile. The presence of 
benzaldehyde was indicated. 

Waste waters from a plant for the car¬ 
bonization of peat were found by Nevyazh- 
skaya and her coworkers '*** to contain 45-47 
grams per liter of acetic acid, 12-20 grams 
per liter nitrogen coinj)ounds, and 5-1 cS 

45 KoHter, E. B., and DueHfhuor, H. W., U. 
Bur. Mines, Carnegie Inst. Tech, d Mining Met. 
Advisory Boards, Coop. Bull. 54 (19.82), 31 pp. 

40 oda, R., J. SoG. Chem. Ind. (Japan), 83 
(Suppl. Binding), 441-4 (1930); Chem. Abs., 
25, 79.8 (1931). 

47 MacLaurin, R., J. Boa. Chem. Ind., 30, 020-6 
(1917). 

4H Rosenthal, T., Z. angew. Chem., 14, 005-7 
(1901), 16, 221-5 (1903). 

4S> Nevyazhskaya, L. M.. et al., Khim. Tver- 
dogo Topliva, 8. 280-94 (1937) ; Chem. Abs., 33, 
1429 (1938). 
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grams per liter of compounds which could 
be brominated, calculated as phenol. 

SUSPENDED MATTER IN AMMONIACAL 
LIQUORS 

Ammoniacal liquors may contain sus¬ 
pended matter. Durand found that the 
floating material in the residual water of 
coking plants consisted largely of carbon 
dust enveloped by tarry matter. The 
wastes heavier than*water consisted largely 
of silicon and calcium compounds, carbon¬ 
ates, sulfates, and sulfides. 

Properties of Liquors 

UHANGES CAUSED BY OXIDATION 

The oxidizing action of the air produces 
important changes in an ammoniacal liquor. 
The color darkens from amber to a muddy 
brown, and a brown precipitate settles. 
Bailey showed that this darkening in 
color was a property characteristic of cate¬ 
chol, hydroquinone, and pyrogallol among 
other polyhydric phenols. In laboratory 
tests made by shaking dilute ammoniacal 
solutions of several phenols with air, the 
following color changes were observed: 
catechol turns brown, color develops rather 
slowly; resorcinol remains practically color¬ 
less; hydroquinone turns yellow, color 
changes rapidly to pink brown with an 
intensity about one-sixth that of catechol, 
w’cight for weight; and pyrogallol turns 
brown-yellow, color develops rapidly with 
intensity about 70 percent that of catechol, 
but the tints are difficult to match. 

Air oxidation is responsible for the for¬ 
mation of polysulfides, thiocyanates, and 
thiosulfates. These compounds are not 
found in appreciable quantities in the gas 
from the ovens but are produced subse- 

&o Durand, R., Bull. sci. pharmacol., 34, 15-20 
(1927). 

51 Bailey, T. L., Ann. Kept. Alkalij Ac., Works, 
«4, 27 (1928). 
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quently by oxidation of cyanide and sul- 

fur.®2 

According to Morgan the following re¬ 
actions probably occur: 

4(NH4)2S -}- Of 2H2O —> 

2(NH4)2S2 4- 4 NH 4 OH 

Sulfite is produced by oxidation of the sul¬ 
fide: 

2(NH4)2S H- 3 O 2 2(NH4)2S03 

The sulfite and polysulfides in turn react to 
form thiosulfate: 

(NH4)2«2 + (NIl4)2S03 

(NH4)2S2()3 + (NH4)2S 

The final oxidation product is ammonium 
sulfate, but only a small proportion of the 
sulfur reaches this stage 
Curphey and Bailey®^ ascribed the for¬ 
mation of the thiocyanate mainly to reac¬ 
tion of oxygen, ammonium sulfide, and 
cyanide in the cooler parts of the condens¬ 
ing system where conditions favor the for¬ 
mation of polysulfide: 

(NH4)2S2 + NH4CN -> (NH4)2S4-NH4CNS 

Curphey used the reaction as a means for 
the estimation of polysulfide in the liquor. 
The concentration of ammonium thiocya¬ 
nate was determined before and after addi¬ 
tion of cyanide. The increase was caused 
by reaction of the cyanide. The effect of 
these reactions on the composition of the 
liquor is showm in the analyses of a liquor 
from inclined vertical retorts reported by 
Bailey,Table XV. 

The importance of cyanide in the forma¬ 
tion of the thiocyanate in liquor was also 

52 See p. 8 of ref. 11. 

.53 See pp. 420-1 of ref. 18. 

54 Curphey, W. S., Gas J., 143, G9 (1918). 
Bailey, T. L., Ann. Kept. Alkali, Ac., Works, 01, 
15-6 (1925). 

55 Bailey, T. L., J. Boc. Chem. Ind., 44, 835- 
45 (Chem. Ind. Rev.) (1926). 
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TABLE XV 


Analysis of Liquor from Inclined Vertical 
Retorts “ 


Liquor 

Fresh 

After Storage 
for at Least 
Three Months 

Total Bulfui, grams per liter 

8.55 

0.12 

H 2 S ; NHs ratio 

0.311 : 1 

0.306 : 1 

Thiosulfate, percent of total 
sulfur 

3.1 

16.4 

Sulfide, percent of total sulfur 

72.8 

21.2 

Sulfate, percent of total sulfur 

0.7 

4.6 

Thiocyanate, percent of total 
sulfur 

23.4 

57.9 

HCN, grains per liter 

0.68 

Nil 


shown by BaileyIn two British plants, 
scrubbers for removal of the cyanides from 
the gas at an early stage of the gas-treat¬ 
ment process were installed. The effects of 
their operation on the thiocyanate content 
of the spent liquor are shown in Table 


LOSS BY EVAPORATION 

When ammoniacal liquors are exposed to 
the air, ammonia is lost by evaporation. 
According to Curphey,®^ this loss can 
largely be prevented by covering the liquor 
with a layer of mineral oil; 0.1 inch is satis¬ 
factory. The loss in ammonia in a period 
of 80 days varied from 20 to 40 percent, 
but where oil was used it was only 0.3 to 
0.6 percent. 

EFFECTS ON MATERIALS OF CONSTRUCTION 

Ammoniacal liquors are commonly han¬ 
dled and stored in steel which lasts reason¬ 
ably well in service. Corrosion tests on 
steel and other metals in ammoniacal liq¬ 
uors under plant conditions have been made 
by Fraser and Cox.®® Their results showed 


TABLE XVI 


Effects of Operation of Cyanide Scrubbers on Cyanide Content of Spent Liquor “ 


Williams process 
British Cyanide Co.’s Process 
August, 1923 
April, 1924 
October, 1924 
February, 1925 


Cyanide 

Recovery 

Plant 

Working 


Air Admitted 
to Crude Gas 
None 


CNS in 
Spent Liquor 
grams per liter 
0.5 


Not working At inlet to exhausters 

Working At purifiers 

Working badly At purifiers 

Working At purifiers 


3.0 

1.65 

2.35 

1.65 


XVI. Bailey stated that thiocyanate is 
also formed by reaction of carbon disulfide 
and ammonia or ammonium polysulfide. 

Grossman claimed that weak ammonia 
liquors on standing gain in concentration 
of ammonia owing to conversion of the 
cyanide to ammonium carbonate, and he 
found that ferrocyanides are formed by the 
reaction of ferrous sulfide and ammonium 
cyanide. 

5« Grossman, J., J. Gas Lighting, 90, 520-8 
(1907). 


that the deposition of tar on the metal was 
effective in minimizing corrosion. 

The presence of oxygen in storage tanks 
has been blamed by Ott®** as a factor in 
corrosion, and he recommended that steel 
tanks be kept full of an inert gas in order 

57 Curphey, W. S., Gas World, 08, 539 (1915) ; 
J. Gas Lighting, 132, 424 (1916) ; Chem. Trade 
J., 57, 596 (1915) ; J. 8oc. Chem. Ind., 35, 
1001-2 (1916). 

58 Fraser, O. B. J., and Cox, G. L., Proc. Am. 
Gas Assoc., 1930, 605-10. 

69 0tt, E., Chem.-Ztg., 41, 161 (1917) ; J. 8oc. 
Chem. Ind., 80, 539 (1917). 
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to prevent the destructive action. Am¬ 
monium cyanide has also been cited as a 
corrosion factor.®*^ 

Ott®® reported that, in concrete tanks, 
ammonium salts in the liquor attacked the 
free lime to form soluble calcium salts. 
Concrete was only partly protected by 
coating the interior with tar. A deleterious 
action of liquor on concrete has also been 
observed by Donath and by Haas.®^ Ac¬ 
cording to Haas, both ammonium carbon¬ 
ate and ammonium sulfide attacked the 
iron in the concrete. The carbonate dis¬ 
solved part of the iron, and the sulfide 
converted iron compounds to ferrous sul¬ 
fide. When the sulfide was subsequently 
oxidized, the coherence of the concrete was 
diminished. Disintegration was avoided by 
preventing access of air to the ferrous sul¬ 
fide. 

Idashkin,®2 on the other hand, found that 
concrete specimens after submergence for 
28 days in ammoniacal liquor had increased 
m tensile and compressive strength. He 
recommended the replacement of steel 
tanks with concrete for storing ammoniacal 
liquor. 

SPECIFIC HEAT 

The specific heat of an ammoniacal liq¬ 
uor, determined by Schairer®® in a calo¬ 
rimeter to which measured quantities of 
heat were supplied electrically, was 1.008. 

Distillation op Liquor 

In most coke and gas plants ammoniacal 
liquor is distilled and the ammonia is re¬ 
covered as ammonium sulfate by either the 

eoAnou., Qas World, 58, 667 (1913). 

01 Donath, E., Chem. Ind. (Ger.) Nachr.-Aus- 
gahe, 34, 123-5 (1911). Haas, B., Chem.-Ztg., 
4«, 39 (1922). 

oaldashkln, S. I., Coke d Chem. {U.8.8.R.), 
Nos. 5 and 6, 19-23 (1933) ; Chem. Ahg., 39, 
3130 (1935). 

esSchairer, W., Ghlckauf, 72, 454-6 (1936). 


semi-direct or the indirect processes, as 
crude or pure concentrated ammonia liq¬ 
uor, or as ammonium bicarbonate. 

The ammoniacal liquor is distilled with 
direct steam in continuous, countercurrent 
stills. A typical still (see Fig. 5) consists 
of three main parts, for which a flow dia¬ 
gram is shown in Fig. 1: (1) the ^‘free 
stiir’ in which ammonia from the free am¬ 
monium salts is vaporized, together with 
hydrogen sulfide, carbon dioxide, hydro¬ 
cyanic acid, some phenols, pyridine, and 
portions of the other organic compounds; 
(2) the lime reservoir, in which milk-of- 
lime is added to the hot liquor in order to 
decompose the fixed salts; and (3) the 
“fixed still” in which the ammonia, formerly 
fixed, is vaporized. An additional portion 
of the organic matter may be volatilized 
in this fixed still. In some plants where 
receipts from sale of the ammonia have not 
justified the cost of recovery, liming of the 
liquor is omitted, and an effluent contain¬ 
ing fixed ammonia is discharged from the 
base of the free still. The lime reservoir 
and fixed leg, if present, are not used. 

The steam for distillation is introduced 
directly at the base of the fixed still and 
leaves at the top to enter the base of the 
free still. The mixture of steam, ammonia, 
acidic gases, and other compounds from the 
top of the free still is usually cooled in a 
dephlegmator. The temperature of the 
vapors from the dephlegmator is deter¬ 
mined largely by local conditions and the 
products to be manufactured. 

Vapor-pressure data are seldom em¬ 
ployed for the design of the stills, because 
of the wide variations in liquor composition 
which are encountered. The stills are usu¬ 
ally designed on the basis of empirical ob¬ 
servation and practical experience.®^ 

64 Soe pp. 601-2 of ref. 2. 
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Pig. 6 . Fixed and free ammonia stills and lime reservoir. (Courtesy of the Hoppers Company.) 


Piron has described a method by which 
the vapor-pressure ratios between ammonia 
in steam and liquor may be determined for 
use in studies on still design and operation. 
Small portions are distilled from a sample 

68 Piron, E., Chem d Met. Eng, 2C, 317-20 
(1922). 


of the liquor and condensed. The concen¬ 
trations of ammonia in the liquor and the 
condensate are determined after each distil¬ 
lation and used in the preparation of vapor- 
pressure curves characteristic of still con¬ 
ditions. 
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The great majority of ammonia stills are 
of the bubble-plate type and are built of 
flanged cast-iron sections. A large number 
of plate arrangements have been i)roposed, 
and many of the types used in foreign 
practice have been illustrated by Parrish.®® 
He recommended a shallow seal for the 
bubble caps on the plates, 1 inch rather 
than 4 inches. The best vapor velocity 
through a section, he concluded, was 5 to 
10 feet per second. Older types of stills 
have been described by Lunge.®^ Both 
works include information on intermittent 
stills, a type which is practically obsolete. 
Stills without bubble plates but filled with 
Raschig or carbon rings have also been 
described.®® 

Easy access to each section of the still 
in order to permit cleaning is essential. 
This and the relatively heavy cast-iron 
construction have greatly influenced design. 
Each section is provided with a number of 
manholes large enough to permit removal 
of accumulations of tar from the free still 
and deposits of lime salts from the fixed 
still, ('"omplete dismantling of the still 
may be necessary at times, for which pro¬ 
vision must be made. 

The most severe corrosion condition is 
encountered in the dephlegmator. These 
sections are usually made of cast iron with 
aluminum tubes, which have largely re¬ 
placed cast-iron tubes. Some dephlegmator 
shells have been protected with concrete 
linings. Aluminum can be safely used for 
the manufacture, transjiort, or storage of 
the ammonia from coke Ovens.®® 

66 Parrish, P., The Design and Working of 
Ammonia Stills^ Ernest Beiin, London, 1924, 283 
PP. 

67 Lunge, G., Coal Tar and Ammonia: Pt. Ill, 
Ammonia, D. Van Nostrand Co., New York, 1916, 
pp. 1344-450. 

68 Tran, A., Gas J., 220, 472-4 (1939). 

60 Bally, J., licv. aluminium, 15, 1155-66 
(1938). 


The use of vacuum stills has been pro¬ 
posed, but consideration of the relative 
vapor pressures of ammonia and water at 
reduced pressure has led Parrish®® to the 
conclusion that no great saving in steam 
consumption is likely to occur, whereas an 
additional expenditure of steam is neces¬ 
sary to operate the vacuum pump and the 
pump for withdrawing the effluent liquor 
from the still. 

Preheating of the liquor feed to the still 
by utilizing the waste heat in the vapors 
or the effluent from the still is practiced. 
In general the low rate of heat transfer, 
the necessity for periodic cleaning of the 
preheater, and the additional complications 
have rendered such heat interchange un¬ 
attractive in most American plants. 

The milk-of-lime is made by slaking 
quicklime in a mixing tank and adding 
sufficient water so that a uniform suspen¬ 
sion can be pumped to the still. Batch 
slakers and mixers are commonly employed, 
but continuous apparatus has also been 
used. Table of strengths for milk-of-lime 
are given by Oluud and Jacobson and in 
the Gas Engineers^ Handbook One 
pound of lime per gallon of milk-of-lime is 
the concentration used in many plants.^^ 

Although the milk-of-lime is screened, 
some of the finer solids from the lime are 
pumped to the still. The lime reservoir 
should therefore be of sufficient size to 
permit the settling out of these solids and 
prevent their accumulation on the still 
trays. On the other hand, it must not be 
so large that the lime will settle out in 
this vessel. The sediment in the bottom 
is flushed out periodically. A little steam 
is continuously admitted at the bottom in 
order to keep the lime in suspension. 

The use of bases other than lime, such 
as caustic soda or soda ash, is ruled out 

70 See p. 600 of rof. 2 and p. 446 of ref. 7. 

71 Private cominunlcatioii, 1928. 
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from the standpoint of cost. Direct addi¬ 
tion of slaked lime to the liquor would 
reduce the volume of still waste, but this 
alkali is more expensive than ordinary lime, 
and mechanical difficulties are encountered 
in its uniform addition.^^ Limestone reacts 
slowly with ammonium chloride at the 
boiling pointugg gf alkaline earth 
or zinc carbonates at elevated pressures, 20 
pounds per square inch, has been patented 
by Sperr.^^ Magnesia may also be used 
for decomposing ammonium chloride.^® 
Lunge indicated that the cost of the mag¬ 
nesia would necessitate its recovery. 

For efficient operation of an ammonia 
still, uniform steam flow, feed, and other 
conditions are essential. Uniform opera¬ 
tion becomes more imperative the more 
complicated the still, for instance in the 
stills for the production of aqua ammonia. 

VOLUME AND CHARACTERISTICS OF STILL 
WASTE 

The waste liquor from an ammonia still 
has a brown or red-brown color. When 
properly limed and distilled it has a char¬ 
acteristic sweetish, not unpleasant odor. 
Still waste from which the ammonia has 
been removed by addition of lime is alka¬ 
line, according to Key,^^ and oxidation of 
the higher tar acids takes place very rap¬ 
idly, resulting in the production of a deep 
color almost as soon as the liquor leaves 
the still. Waste from which only the free 
ammonia has been removed is almost neu- 

72 So<‘ pp. 142-3 of rt*f. 06. 

73 Toed, F. C., J. 8ov. Chem. Ind., 4, 709-10 
(1885). Sehrleb, H., Z. angew. Chrm., 2, 211-3 
(1889). 

74Sperr, F. W., Jr., U. S. Pat. 1,838,587 
(1931). 

75 Kuf^ntz, K., and SpoeH, J. M., Onn Age-Rec¬ 
ord, 00. 963-5, 902 (1927). Nish Ida, K., and 
Nakamura, S., Kept. Central Lab., S. Manchuria 
Ry. Co., 19211, 37-9; Chem. Ahs., 25, 1952 
(1931). 

76 See pp. 1341-2 of ref. 67. 

77 See p. 64 of ref. 11. 


tral in reaction, but oxidation proceeds 
fairly rapidly if the liquor is shaken in air. 

The volume of waste depends on the 
amount of steam added for preheating, th[e 
amount of dcphlegmation, the efficiency of 
the still, the strength of the liquor, and the 
volume of milk-of-lime added. To this 
must be added, in the indirect sulfate proc¬ 
ess, any condensed vapors from the satu¬ 
rators. 

In semi-direct sulfate plants the total 
volume of the waste usually amounts to 
from 150 to 160 percent of the volume of 
the original liquor. The milk-of-lime usu¬ 
ally represents 10 to 20 percent of the 
volume of the waste.^*^ When the fixed 
ammonia is not recovered the volume of 
waste is smaller, usually from 125 to 135 
percent of the volume of the original liquor. 
The volume of still waste from a direct- 
process plant is approximately one-third 
that which would be produced in a semi- 
direct plant. 

According to Marquard,^** with the semi- 
direct system of ammonia recovery, 20 gal¬ 
lons of still waste are produced per net ton 
of coal carbonized. Plants using washed 
coal containing about 8 percent free water 
and 5 percent water of constitution pro¬ 
duce about 28 gallons of waste per ton. 
In indirect ammonia-recovery plants the 
volume of waste amounts to about 90 gal¬ 
lons per ton. 

The dilution of the still waste may be 
estimated from the analyses of ammoniacal 
liquor and the waste, the chloride determi¬ 
nation being the most satisfactory.®® For 
accuracy in such calculations, allowance 
should be made for salts introduced with 
the milk-of-lime. 

The total ammonia in properly limed 
still waste usually amounts to a fraction 

78 See p. 649 of ref. 2 and p. 15 of ref. 11. 

70 See ref. 12. 

80 Shaw, J. A., private communication, 1940. 
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TABLE XVII 

Analyses op Ammoniacal Liquors and the Still Wastes Therefrom 


Type of carboDizing operation 
Plant 

Weak liquor composition, grama per liter 
NHs, total 
free 
fixed 

Sulfide as H 2 S 

Carbonate as CO 2 

Cyanide as HCN 

Thiosulfate as H 2 S 2 O 3 

Thiocyanates as HCNS 

Phenols as CeHeOH 

Oxygen absorption (4-hr test), ppm 

Recovery of fixed ammonia 
Waste composition, grams per liter 
NHs, total 
free 
fixed 

Alkalinity as CaO 
Sulfide as H 2 S 
Carbonate as CO 2 . 

Thiosulfate as H 2 S 2 O 3 
Thiocyanate as HCNS 
Phenols as CeHsOH 
Oxygen absorption (4-hr test), ppm 

of a gram per liter. All fixed ammonium 
salts are converted to the corresponding 
calcium compounds, the chloride, sulfate, 
thiosulfate, and thiocyanate. Any carbon 
dioxide or hydrogen sulfide not removed in 
the free still is present as its calcium salt, 
and in addition there is an excess of lime, 
often amounting to approximately 1 gram 
per liter. 

Some of the organic matter present in 
the original liquor is left in the still waste, 
but the total concentration is greatly re¬ 
duced and its physical condition altered. 
As the lighter constituents are removed in 

81 Private communications, 1919-23. 

82 Bailey, T. L., Ann. Kept. Alkali, dc.. Works, 
04, 34 (1928). 

83 See np. 9 and 17 of ref. 11. 


Coke Ovens 

Vertical Retorts 

A 

B 

A” 


6.54 

7.06 

14.5 

13.3 

3.35 


9.0 

10.0 

3.19 


5.5 

3.3 


0.138 

0.81 

1.9 

1.5 



0.12 

0.05 



0.46 

1.78 



1.22 

2.03 



3.55 

3.5 



Limed 

16,500 

Unlimed 


0.041 

0.0034 


3.1 


0.0034 


0.1 




3.0 

1.57 

1.44 

3.6 



0.075 


Trace 


0.37 





0.21 

1.60 



0.54 

1.83 



1.8 

1.7 



5,800 

10,080 


the steam, much of the organic matter left 
tends to coagulate into masses of relatively 
low fluidity at 100° C, which upon cooling 
to room temperature are brittle solids.®® 

Analyses of several ammoniacal liquor^ 
and the still wastes produced therefrom ate 
shown in Table XVII. 

The waste liquor is generally discharged 
into baffled sumps. Here solid matter set¬ 
tles out, and the liquor cools. Accumula¬ 
tions of sediment are removed from the 
sumps by bypassing them periodically for 
cleaniflg. 

production of ammonium sulfate by the 

SEMI-DIRECT PROCESS 

The stills which have just been described 
are used with the semi-direct process. The 
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vapors from these stills are cooled in a 
dephlegmator to reduce their content of 
water and then returned to the gas before 
the ammonium sulfate saturators. 

The steam consumption for stripping 
ammoniacal liquor is between 2 and 3 
pounds per gallon pf liquor.®* The quan¬ 
tity depends on the temperature of the 
liquor feed, the concentration of ammonia 
in the feed, the efficiency and size of the 
still itself, and the amount of reflux from 
the dephlegmator. Calculations have been 
made by Krieger ®® for the total steam con¬ 
sumption involved in ammonia recovery by 
the semi-direct, indirect, and Otto direct 
processes, including that consumed in com¬ 
pressing the gas for passage through the 
saturators. 

PRODUCTION OF AMMONIUM SULFATE BY 
THE INDIRECT PROCESS 

In the indirect process for the produc¬ 
tion of ammonium sulfate, the vapors from 
the dephlegmator are conducted into a bath 
of dilute sulfuric acid saturated with am¬ 
monium sulfate. Figure 6 shows a typical 
saturator, a lead-lined vessel to which the 
ammonia is admitted through the distribu¬ 
tor or ^^cracker” pipe. Acid is added con¬ 
tinuously to the bath in proportions suffi¬ 
cient to maintain 7-8 percent of free sul¬ 
furic acid.®® As the sulfate is precipitated, 
it is withdrawn from the bottom of the 
bath by means of an air or steam ejector. 
The operation is similar to that of a semi- 
direct saturator. 

The reaction is so strongly exothermic 
that the bath boils. Water is evaporated 
and leaves with the unabsorbed gases which 
accompanied the ammonia vapor from the 
still. Where escape of these gases into the 

84 See pp. 643 and 649 of ref. 2 and pp. 87-8 
of ref. 11. 

86 Krieger, A., Gaa- u. Waasvrfarh, 17-20 
(1921). 

86 Private communication, 1926. 


atmosphere will prove objectionable they 
must be purified. They are first cooled in 
condensers. The cooled gases from the con¬ 
denser may be treated for removal of the 
hydrogen sulfide. Parrish®^ mentioned 
burning the gases to sulfur dioxide, which is 
used for the production of sulfuric acid or 
neutralized with limestone; burning to sul¬ 
fur in a Claus kiln; and purification with 
iron oxide. Typical analyses of the con¬ 
densates thus produced in horizontal- and 
vertical-retort plants are shown in Table 
XVIII.8® 


TABLE XVIII 

Analyses of Condensed Vapors from Indi¬ 
rect Saturators 


Retorts 

Horizontal 

Vertical 

Collected 

Hot 

Cold 


Temperature, ®C 

88 

48 

63 

Analysis, grams per 
liter 

Cyanide as HCN 

6.02 

0.15 

0.25 

Sulfide as H 2 S 

0.02 

0.20 

0.50 

Phenols as (^eHsOH 

5.52 

8.07 

7.60 

Oxygen absorption, 

ppm 

10,300 

16,400 

15,400 


The condensate is usually mixed with the 
ammoniacal liquor or still waste, and both 
are disposed of together. The volume of 
the condensate may be taken as 10 to 15 
percent of the volume of the mixture.'^®* 

PRODUCTION OP CONCENTRATED AMMONIA 
LIQUOR 

In the United States most of the am¬ 
monia produced in coke-oven plants is 
recovered as ammonium sulfate, but a por¬ 
tion is used for the production of concen¬ 
trated ammonia liquors. During 1941 a 
little over 14 percent (62,777,081 pounds) 

87 See Chapter 14 of ref. 66. 

88 Bailey, T. L., Ann. Rept. Alkali, dc.. Works, 
61, 14-5 (1925). 
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Vent 



Fig. 6. Suturntor for the production of ummoniuin sulfate by the indirect process. 


\v«as recovered as liquor.®® There are two 
main types of concentrated liquors, crude 
and pure. The crude is usually the more 
dilute, the ammonia concentration ranging 
from 15 to 25 percent. The pure liquors 
usually run from 25 to 30 percent by 
weight ammonia. 

Crude Ammonia Liquors. Crude am¬ 
monia liquor is usually a solution in con¬ 
densed steam of the ammonia and many 
of the other compounds which were dis¬ 
tilled from the weak liquor. There are two 
types: (1) liquors in w^hich no removal of 
acidic gases is attempted, in which all the 
ammonia may be combined as carbonate 
and sulfide; (2) liquors in the production 
of which a partial removal of the acidic 
gases Is effected. The former may be pro¬ 
duced simply by adding to the ordinary 
ammonia still equipment for condensing 

89 Ridgway, R. H., De Carlo, J. A., and Otero, 
M. M., “Coke and Byproducts,” preprint from 
Minerals Yearbook, Review of 19^1, U. S. Bur. 
Mines, p. 54. 


the mixture of vapors leaving the dephleg- 
mator. The temperature of the dephleg- 
mator is regulated to give a mixture of 
vapors with the composition of the liquor 
desired. A simple still designed for the 
production of such a crude liquor is out¬ 
lined in Fig. 7. 

The absorption of ammonia to produce 
a crude liquor of this type has been dis¬ 
cussed by Key.®® As the vapors are cooled 
in the condenser, water begins to separate, 
but the concentration of ammonia in the 
first condensate is much less than that in 
the final product. The condensate in its 
passage through the condenser is cooled 
further and absorbs more ammonia, to¬ 
gether with other gases. The chief factors 
governing the rate of absorption of the 
ammonia, apart from the velocity constant 

90 See pp. 116-8 of ref. 11. Key, A., and 
Etheridge, W., Inst. Gas Engrs., Copyright Pub., 
No. 168/57 (1937), 65 pp.; Gas J., 220, 611, 
513-6, 650-61 (1037) ; Gas World, 107, 454-7, 
546-7 (1937) ; Chem. Abs., 82, 6484 (1988). 
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for the specific reaction, are (1) the am¬ 
monia concentration in the gaseous phase, 
(2) the concentration of uncombined am¬ 
monia in the solution, and (3) the tem¬ 
perature. Obviously, at a given tempera¬ 
ture the ammonia absorption will at first 


carbon dioxide concentration of the gas, 
(2) by the concentration of the uncom¬ 
bined ammonia in the solution, and (3) by 
the temperature. The carbon dioxide com¬ 
bines with the ammonia to form ammonium 
carbonate, so that the higher the concen- 



FiG. 7. still for the production of crude ammonia liquor. 


be high, but will decrease as the ammonia 
concentration of the solution increases and 
that of the gas decreases. Complete ab¬ 
sorption of ammonia by the liquor is diffi¬ 
cult, so that sometimes a supplementary 
scrubber fed by water or a little liquor is 
provided, in which the ammonia otherwise 
lost is recovered. 

Carbon dioxide is not absorbed so readily 
by the condensate as ammonia is. In addi¬ 
tion to the velocity constant for the ab¬ 
sorption reaction, the rate of absorption of 
the carbon dioxide is controlled (1) by the 


tration of the ammonia the higher will be 
the rate of absorption of the carbon diox¬ 
ide. At a given temperature the absorp¬ 
tion of carbon dioxide will at first be slow, 
because the ammonia content of the solu¬ 
tion is low; it will then increase as the 
ammonia concentration increases and will 
finally fall off as absorption of the ammonia 
declines. 

In the simple tyj)es of concentrated 
liquor plant the ratio of ammonia to car¬ 
bon dioxide will not be much greater than 
that in the original liquor. The same will 
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be true for the ratio of ammonia to hydro¬ 
gen sulfide. According to Key a concen¬ 
trated liquor with 15 percent ammonia will 
contain about 18 i)ercent carbon dioxide 
and 2 percent hydrogen sulfide. Terres and 
Weiser * have determined partial and total 
pressures of solutions containing ammonia 
and carbon dioxide for use in ammonia 
concentration. 

Crystallization of Salts from Concen¬ 
trated Liquor. When a concentrated liquor 
prepared by the simple distillation of weak 
ammoniacal liquor contains more than 18 
percent ammonia, crystallization of salts 
may occur in the condensing equipment or 
storage tanks. The composition of the 
crystals has been studied by Key.®^ They 
may consist of ammonium bicarbonate, 
ammonium carbonate, or a double salt cor¬ 
responding to the formula 2 NH 4 HC 03 * 
(NIl 4 ) 2 C 03 , depending on the composition 
of the liquor. In addition, particularly 
with liquors which deposit crystals of the 
normal carbonate, ammonium carbamate 
(NH 2 CO 2 NH 4 ) IS present in solution. Am¬ 
monium carbonate is, in fact, produced 
from and converted into ammonium carba¬ 
mate by a reversible reaction. At air tem¬ 
perature, the carbonate-carbamate reaction 
is very slow and takes days or weeks to 
reach equilibrium. Liquors of the same 
apparent composition may thus crystallize 
or not crystallize according to the relative 
concentrations of carbonate and carbamate. 
Since the equilibrium appears usually to be 
displaced, if at all, towards the carbamate 
side, it is more likely that liquors will re¬ 
main liquid than that they will crystallize. 

The influence of hydrogen sulfide on 
these concentrations is not accurately 
known, but its addition does reduce the 
carbon dioxide content of the liquor in 

91 See pp. llg-21 of ref. 11. Key. A., and 
Etheridge, W., ref. 90. 


equilibfilibi with the crystals. As a rough 
approxitnation 1 percent of hydrogen sul¬ 
fide can be taken as replacing 0.5 percent 
of carbon dioxide in equilibrium mixtures. 

Crystallization temperatures for concen¬ 
trated liquors prepared in the laboratory 
have been determined by Thorne.®^ The 
ammonia and carbon dioxide concentrations 
ranged from 16 to 20 and 11 to 19 percent, 
respectively, and hydrogen sulfide additions 
amounting to 3, 6 , and 9 percent were 
made to the liquor. 

Partial Decarbonation of Crude^ Con¬ 
centrated Liquors. Studies made on the 
composition of concentrated gas liquors 
containing ammonia and carbon dioxide iii 
equilibriPm with a solid phase ®^ showed 
that, in liquors containing more than 15.8 
percent ahimonia by weight at 10® C, the 
ratio df ammonia to carbon dioxide must 
be greatly increa'^cd over that of the vreak 
liquor in order to avoid deposition of crys¬ 
tals. Reduction in the carbon dioxide con¬ 
tent of the concentrated liquor therefore 
becomes necessary. This can be done in 
one of two ways: either by modifying the 
conditions of condensation of the hquor sd 
as not to dissolve carbon dioxide, or by 
expelling carbon dioxide from the weak 
liquor before distillation. 

The second method is the one almost ex¬ 
clusively used. The preheated weak liquor 
is introduced near the top of a decarbonat¬ 
ing column, which is usually of the bubble- 
plate type. Here the carbonates are disso¬ 
ciated by the carefully controlled applica¬ 
tion of steam, and the vapors evolved 
ascend in countercurrent flow to the stream 
of liqudf. 

The details of apparatus for partial de¬ 
carbonation of the liquor have varied in 
different types of plants. In one plant,®® a 

92 Thorne, W. P., Qas J., 216, 903-^ <1987). 

98 Wilton, T. O., Brit. Pat 428,065 (1985). 
Frabm, Qas- i*. Wasserfach, 70, 482»4 (1927). 
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J>ortion of the carbon dioxide was removed 
in a small multistage still through which a 
strictly limited amount of steam passed. 
Preheated weak liquor was fed into this 
still at a point below the top. Some car¬ 
bon dioxide and a little ammonia were re¬ 
moved from the liquor by the steam, but 
escape of ammonia was prevented by the 
introduction of a stream of cold, weak 
liquor to the top sections of the column. 
The decarbonated liquor then flowed to the 
ordinary ammonia still. 

Still placed the decarbonating column 
on top of the free still. A portion of the 
steam passed from the free still up through 
the decarbonating column and drove the 
carbon dioxide out of the liquor. Any am¬ 
monia accompanying the carbon dioxide 
was reabsorbed by the stream of weak 
liquor entering at the top of the decarbo¬ 
nating section. 

In another type of decarbonater,®^ pre¬ 
heated weak liquor together with a certain 
amount of steam was introduced into the 
decarbonator, which consisted of a splash 
chamber surmounted by a reflux system. 
Carbon dioxide and some ammonia were 
removed in the splash chamber; part of 
the ammonia was retained by the cold 
liquor flowing down the reflux sections, and 
the rest was extracted in an extra scrubber. 
In tests in an English plant,”*’ the operation 
of a decarbonator of this type increased 
the concentration of the ammonia in the 
product by 20 to 30 grams per liter with¬ 
out causing crystallization troubles. The 
efficiency of decarbonation varied with the 
temperature in the decarbonator. It in¬ 
creased from 12 percent at 82“ C to 30 
percent at 90® C. Approximately 50 per¬ 
cent of the hydrogen sulfide was removed 

»4 still, C., Ger. Pats. 302,196 (1917), 361,633 
(1922). 

95 Parrish, P., Kltchpn, W. T., and Burns, W. 
L., Brit. Pat. 449,347 (1936). 


at the same time. The gases, after passing 
through a scrubber for recovery of the 
ammonia, were desulfurized in an oxide 
box, and the carbon dioxide escaped to the 
air. 

Practically complete decarbonation of 
ammoniaeal liquor with a negligible loss of 
ammonia was effected, according to Wyld,”® 
simply by preheating the liquor and then 
spraying into an empty column under a 
25-pound pressure, no steam being used. 
Since the preheating was done with waste 
heat the arrangement was economical of 
steam. 

In an apparatus designed by C. Otto & 
Co.,®^ the crude ammonia liquor was pre¬ 
heated in a heat exchanger forming the 
lower part of the apparatus. It then en¬ 
tered the upper liquor space of the column, 
in which it was heated by direct steam to 
90-100“ C. Here the greater portions of 
carbon dioxide and hydrogen sulfide were 
expelled, and the liquor flowed down 
through the heat exchanger and left the 
column for the regular still. By using a 
tall liquor space a pressure of 14 inches of 
mercury was maintained in the apparatus, 
which permitted the ai)])lication of a higher 
temperature for dissociation. The waste 
gases from the decarbonator were generally 
returned to the coke-oven gas. 

Complete removal of carbon dioxide in 
the decarbonator is difficult and sometimes 
would be undesirable because the concen¬ 
trated product would contain largely am¬ 
monium hydroxide. The higher ammonia 
vapor pressure of the hydroxide tends to 
increase the loss of ammonia and makes it 
harder to handle than solutions of the salts. 

The second method for increasing the 
ratio of ammonia to carbon dioxide is ef¬ 
fective within certain limits. The efficiency 

eoWyld, W., Brit. Pat. 26,716 (1910). 

97 See pp. 637-8 of ref. 2. 
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of ammonia solution in the condensate 
from the still condensers is decreased by 
increasing the throughput of the plant. 
Some ammonia and carbon dioxide leave 
the condensers, but the uncondensed am¬ 
monia is recovered by washing the escaping 
gases with the weak liquor which enters the 
still. The concentration of the product is 
not affected, and no appreciable increase in 
the steam to the still occurs.®® The ratio 
of ammonia to hydrogen sulfide in concen¬ 
trated liquor is approximately the same as 
in the still gases, so that a partial separa¬ 
tion of these two substances by controlling 
the conditions of condensation is impos¬ 
sible. 

In most of the recent British i)lants for 
l)roduction of concentrated ammonia liq¬ 
uor, only the free ammonia is recovered,®® 
and the fixed salts are discharged in the 
unlimed liquor from the plant. When fixed 
ammonia is driven off from a liquor, it is 
not accompanied by hydrogen sulfide or 
carbon dioxide. Hence, by addition of the 
gases from the fixed still to those from the 
free still, the ratio of ammonia to carbon 
dioxide is increased and danger of crystal¬ 
lization is reduced. 

»8 S»*i* la of ref. 11. Key, A., and 

Edieridge, W., in ref. 9(1. 
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Old equipment available around a plant 
has often been satisfactorily adapted for 
the preparation of crude concentrated liq¬ 
uors.®® Stills have been described in which 
the free ammonia alone was utilized for the 
production of crude, concentrated liquor,^®® 
Douglas ^®^ withdrew a portion of the 
vapor from the liming chamber of an 
ammonia still and passed it through first a 
reflux condenser and then a condenser to 
produce concentrated ammonium hydroxide 
solution. 

A process for separating the acidic gases 
and the ammonia distilled from an am- 
moniacal li(pior has been jiatented by Kop- 
l»ers.^®2 Up selectively absorbed the am¬ 
monia in a concentrated solution of am¬ 
monium thiocyanate, which does not dis¬ 
solve the hydrogen sulfide and carbon 
dioxide. 

Analyses. Analyses of a crude concen¬ 
trated liquor, the weak liquor from which 
it was made, and the still waste are shown 

ooshewring, F., Gas World, 64, 400-1 (1916). 
Groavps, W.. Gas J., 141, 39B (1918) ; Gas 
World, 68, No. 1754, Coking Sect., 13-4 (1918). 

100 Unger, J. S., Gas Age, 86, 301 (1915) ; 
J. Gas Lighting, 132, 144 (1916). Raschig, F., 
(ier. Put. 420,498 (1925). 

101 Douglas, R. P., Brit. Pat. 161,244 (1919). 

102 II. Kuppers G.m.b.H., Ger. Put. 661,881 

(1938). 


TAB1.E XIX 

Analyses of LigiioRs from Concentrated Gas Liquor Plant ®® 


Ammonia 

Liquor to 
Still 

Still Waste 
grains per liter 

Concentrated 

Liquor 

total 

26.39 

5.48 

219 

free 

19.90 

0.39 

219 

fixed 

6.49 

5.09 


Sulfide as H 2 S 

2.21 


19.3 

Thiosulfate as H 2 S 2 O 3 

2.44 

2.14 


Thiocyanate as HCNS 

2.47 

1.57 


Phenols as CeHsOH 

3.46 

2.66 

parts per million 

4.28 

Oxygen absorption (4 hr at 27° C) 

17,880 

11,820 

39,110 
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in Table XIX Although there are dis¬ 
crepancies between the concentratipns of 
the compounds in the products and the 
original liquor, the analyses will serve to 
indicate possible results. 

The analysis of a crude liquor from an 
American plant has been reported by 
Stone, Table XX.^o* 

TABLE XX 


Analysis of Crude Ammonia Liquor 


Specific gravity 

1.1055 

Ammonia, total, percent 

22.47 

free, percent 

22.20 

Pyridine, grams per liter 

2.79 

Sulfides as H 2 S, grams per liter 

53.3 

Organic number, cc N/50 KMn 04 


per liter 

103,300 


A large number of samples of gas liquor 
from different plants were examined by 
Colman and Yeoman.^^^ The compounds 
present in appreciable quantities were 
found in the following concentration 
ranges: ammonia, 25 percent; hydrogen 
sulfide, 0 to 3.1 percent; carbon dioxide, 
zero to small amounts; phenols (in a few 
samples), 1.1 to 3.7 grams per liter; pyri¬ 
dine bases, 2.6 grams per liter average; 
ammonium thiosulfate,. 0.8 to 2.5 grams per 
liter; and cyanogen compounds, 0.245 gram 
per liter in gasworks liquors and 1,080 
grams per liter in coke-;Oven liquors. 

The relationship between the depsity at 
15“ C and the composition of concentrated 
gas liquors may be calculated by means 
of the equation: d = 1 - 0.0004 NHsd- 
0.00094 CO 2 + 0.0005 HgS. The concentra¬ 
tions are expressed in grams per liter of 
liquor.^”® 

10 s stone, C. H., Proc. Am. Gas Assoc., 1023, 
1159-61. 

104 Colman, H. G., and Yeoman, E. W., J. 8oc. 
Chem. Jnd., 87, 819-24T (1918) ; Gas J., 144, 
667-8 (1919). 

105 See pp. 127 and 137 in ref. 11. Key, A., 
and Etheridge, W., in ref. 90. 


Organic Matter. Organic matter, dis¬ 
tilled from the weak liquor, including phe¬ 
nols, bases, and neutral oils, will also be 
present in the concentrated liquor. The 
solubility of the phenols in a distillate from 
an ammoniacal liquor is smaller than it is 
in waterconsequently a portion may 
separate as an oil on the surface of the 
concentrated liquor. Thus, although the 
phenol content of the total condensate may 
be 4 to 6 grams per liter, the actual con¬ 
centration in the aqueous portion may not 
exceed 3 grams per liter. The quantity of 
oil separating can be of the order of 0.5 
gallon per ton of concentrated liquor. 

The approximate composition of the oily 
layer which formed on the top of the 
liquor at one plant has been reported by 
Philip: pyridine bases, 22.5 percent; 

phenol, 39.5 percent; distillation: first drop 
88® C, 10 percent at 187® C, 80 percent at 
220** C, drjf at 270® C. 

Steam Consumption. The steam con¬ 
sumption depends largely on the strength 
of the wei%k liquor to the still, and also on 
the use of -a decarbonator. The effect of 
these factors on the steam consumption of 
a still in which the liquor was not limed to 
recover fixed ammonia is shown m Table 
XXI.^®"’ Although the pounds of steam 
per gallon increased, the total steam con¬ 
sumed in the plant decreased as the am¬ 
monia concentration of the weak liquor in¬ 
creased. With recovery of all the am¬ 
monia, approximately 3 pounds of steam 
per gallon of weak liquor distilled has been 
reported.^®^' Steam figures reported by 
Levin amount to 2.5 pounds per gallon 

loerhiUp, R. J., Gas J., 109, 645-8 (1932); 
Gas World, 07, 245-8 (1933). 

107 Terres,, E., J. Gasbeleucht., 60, 399, 409 
(1917). Terres, B., and Weiser, H., ibid., 63, 
705-12 (1920)“. Mpzger, R., and Bayer, T., Gas- 
u. Wusserfach, 68, 651, 671 (1925). Lenze, F., 
and Rettenmaler, A., ibid., 60, 689 (1920). 

108 Levin, Sh. M., Coke d Chem. {U.H.S.R.), 
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TABLE XXI 

Relation op Weak Liquor Strength and 
Steam Consumption^®* 

Free ammonia in weak 
liquor to still, grams 
per liter 7.5 15. 30. 

Steam used, pounds per 
gallon of liquor 

Without decarbonator 1.42 1.83 2.66 

With decarbonator 1.78 2.22 3.08 

(Note: Steam has been converted from pounds 
per 100 pounds of liquor in the original 
work on the assumption that specihc 
gravity of the liquor is 1.) 

of 1 percent ammonia liquor to the still. 
The average steam consumption for the 
distillation of liquor to produce ammonium 
sulfate has been reported by Chevalet to 
be about 1.1 pounds per gallon. 

The use of towers filled with Raschig 
rings instead of the usual cast-iron column 
sections increased the thermal efficiency of 
ammonia concentration, according to Dom- 
mer.^^® When heat exchangers and pre¬ 
heaters were employed, the steam con¬ 
sumption was equivalent to 1.25 pounds 
]ier gallon of weak liquor containing 1 per¬ 
cent ammonia. 

The economic aspects of liquor concen¬ 
tration have been discussed by Parri&h.^^^ 
He concluded that the process using partial 
decarbonation is the most economical, flex¬ 
ible, and generally applicable. He recom¬ 
mended the production of concentrated liq¬ 
uors for utilization at central chemical 
works in the production of ammonium sul¬ 
fate, ammonium phosphate, nitric acid, and 
other nitrogenous fertilizers. 

1038, No. 11, 48; Khim. Rep. Zhur., 2, No. 4, 
IIG (1939) ; Chem. Aha., 34. 1465 (1940). 

109 Chevalet, M., Gaa World, 60, 227 (1914). 

110 Dommer, O., Z. kompr. fluaa. Gaae, 25, 
82-3 (1926). 

111 See Chapter 18 of ref. 66. Parrish, P., 
Chem. Age, 22, 673-6, 608-9 (1930) ; Inat. Gaa 
Engra., Commun. 213 (1939), 72 pp. 


After analyzing costs for the production 
of concentration liquor, including cases in 
which the fixed ammonia was discarded, 
Bishop concluded that cost of steam 
and lime largely determines whether it is 
economical to recover the fixed ammonia. 

PURE AMMONIA LIQUORS 

Aqua ammonia containing usually be¬ 
tween 26 and 28 percent ammonia is pro¬ 
duced with very small amounts of impuri¬ 
ties. An analysis of a typical B grade liq¬ 
uor has been published by Perley and 
White,iis Table XXII. 

TABLE XXII 

Analysis of a Pure Ammonia Liquor 

Ammonia 29.5 percent 

Naphthalene 0.009 percent 

Soluble tar 0.037 percent 

Carbon dioxide 0.06 gram per liter 

Hydrogen sulfide Nil 

Pyridine 0.11 gram per liter 

In a plant for the production of pure, 
concentrated liquor the weak liquor is first 
decarbonated. The ammonia and the re¬ 
mainder of the volatile impurities are then 
distilled off in the standard free and fixed 
ammonia stills. From the mixture of vapors 
the acidic gases, hydrogen sulfide, carbon 
dioxide, and hydrogen cyanide, may be 
separated by absorbing them in a solution 
of an inorganic base. Although any of the 
inorganic alkalies can be used, ammonia 
itself is usually the best. 

The washing operation can be carried 
out in a bubble plate column, made up of 
cast-iron sections provided with cooling 
coils to remove the heat of solution of the 
gases and to maintain the proper tempera¬ 
ture. The cooling of the vapors and their 

112 BiHhop, J., Gaa World, 100, No. 2740, 
Coking Sect., 13-20 (1937). 

118 Perley, G. A., and White, W. P., Ind. Eng. 
Chem., 21, 664-7 (1929). 
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intimate contact with the washing liquors 
also serve to condense organic impurities, 

A process of this type was patented by 
Pennock and his coworkers. The liquor 
was decarbonated and desulfurized, and a 
portion of the organic impurities was va¬ 
porized by heating in a decarbonating col¬ 
umn. The ammonia in the vapors was re¬ 
absorbed by the incoming liquor in the top 
sections of the decarbonator. The par¬ 
tially purified liquor from the decarbonator 
was distilled in the usual free and fixed 
stills, and the waste liquor was discharged 
from the plant. The mixture of vapors 
from the still, consisting of steam and the 
balance of the impurities, was dephlegmated 
and then washed with a saturated solution 
of ammonia. The solution of free ammo¬ 
nium salts plus impurities which collected 
in the base of the washing column was 
withdrawn and vaporized in a separate ves¬ 
sel, and these vapors were returned to the 
decarbonating column. Here they came in 
contact with the incoming stream of cold 
feed; the ammonia was absorbed, but the 
impurities were permitted to escape. The 
purified ammonia vapors from the top of 
the washing column were absorbed in water 
to produce an ammonia liquor of the de¬ 
sired strength. 

Stills employing a similar system have 
been described by Hilgenstock and by 
Plantinga.^^® They differed slightly from 
the system of Pennock in that the solution 
of ammonia and impurities from the wash¬ 
ing column was simply added to the weak 
liquor. Hilgenstock emphasized the neces¬ 
sity for careful control of the water which 

114 Pennock, J. D., Wltherby, S2. C., Blauvelt, 
W. H., Trump, B. N., and Tufts, C. G., U. S. 
Pats. 1,012,272-3 (1911). 

116 Hilgenstock, R. W., Chem. Engr., 15, 195- 
201 (1912); Gas World, 67, 482-3 (1913) ; J. 
QasUleuoht., 68 , 116-17, 709-14 (1915) ; Am. 
Gas Light J., 108, 241-3 (1916). 

lie Plantinga, P., J. Gas Lighting, 133, 262-3 
(1916). 


is introduced into the washmg column. 
The additions must be regulated to remove 
the impurities efficiently without returning 
too large a proportion of the ammonia to 
the liquor entering the still. 

Hilgenstock passed the gases from the 
washing column through a small caustic 
scrubber in order to remove unabsorbed 
traces of carbon dioxide before the final 
absorption in water. For the production 
of chemically pure ammonium hydroxide he 
also passed the ammonia vapor through 
filters of bone black and charcoal. 

A plant using a different process has been 
described by Hebden.^^^ The gases from 
the still were purified by passing through 
the following units: three air-cooled con¬ 
densers, a caustic soda washer to remove 
carbon dioxide, a slaked lime purifier to 
remove the final hydrogen sulfide, an oil 
washer to remove small amounts of phe¬ 
nols, pyridine, and other organic com¬ 
pounds, and finally a coke tower to remove 
traces of oil. The purified ammonia was 
then absorbed to produce the pure liquor. 
Morgan^® and Robinson and Gilliland^^® 
also have described such arrangements 
briefly. 

The fixed ammonium salts alone have 
been utilized by Spcrr for the prepara¬ 
tion of a pure ammonia liquor. The free 
ammonia and volatile acidic gases were first 
distilled off with steam. The liquor, sub¬ 
stantially free from these impurities, was 
limed, and distilled separately with steam, 
and the vapors condensed. This concen¬ 
trated liquor would still, however, be con¬ 
taminated with appreciable amounts of or¬ 
ganic matter, particularly the less volatile 
compounds from the weak liquor. 

117 Hebden, G. A., Gas J., 140, 609-10 (1917). 

118 Robinson, C. S., and Gilliland, B. R., The 
Elements of Fractional Distillation, 8rd ed., Mc¬ 
Graw-Hill Book Co., Now York, 1939, Chapter IX. 

iieSperr, F. W., Jr., U. S. Pat. 1,928,610 
(1933). 
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Ammonia evaporates much more rapidly 
than water from solution, and care is there¬ 
fore necessary in storage. In three days 
the ammonia contents of three solutions of 
ammonium hydroxide decreased from 34.5, 
25.7, and 22.7 percent to 6.2, 6.3, and 6.3 
percent, respectively, while the loss of water 
amounted to 1 or 2 percent from each solu- 

tion.^20 

PRODUCTION OF AMMONIUM BICARBONATE 

Reports coming from Great Britain indi¬ 
cate that ammonium bicarbonate for use 
as a fertilizer in place of sulfate has been 
accorded serious attention. Ammonium bi¬ 
carbonate has an important advantage over 
sulfate in that the cost of sulfuric acid is 
saved .^21 Experiments 122 have demon¬ 
strated that ammonium bicarbonate, con¬ 
centrated ammonia liquor, and ammonium 
sulfate, when properly applied, should have 
about the same fertilizing effects for the 
same weights of nitrogen applied. Ammo¬ 
nium bicarbonate is likely to lose consider¬ 
able quantities of ammonia by volatiliza¬ 
tion when applied on the surface of the 
soil so as to be exposed to air currents. 
This loss may be prevented by applying 
the bicarbonate beneath the surface of the 
soil, for instance, by sowing with drills. 
The presence of carbon dioxide in the bi¬ 
carbonate should prove an advantage, be¬ 
cause tests have shown that carbon dioxide 

120 Auerbach, E. B., and Millbradt, L., Z. 
angew. Chem., 34, Aufsatzteil 95-7 (1921). 

121 Gluud, W., Ber. Get. Kohlenteoh., 1, 127,- 

320 (1923) ; Chem.-Ztg., 46, 693-7, 715-17 

(1922). See also pp. 644r-7 of ref. 2. 

122 Tacke, Mitt. Fdrderung Moorkultuur, 48, 
227, 243, 837 (1921) ; Chem. Zentr., 88, I, 1211 
(1922). Gluud, W., Fertiliser, Feeding Stuffs 
Farm Supplies J., 7, 197 (1922). Haselhoff, B., 
Liehr, O., and Pluhrer, K., Landw. Vers. Sta., 
100. 37-58 (1922) ; Chem. Ahs., 17, 2162 (1923). 
Lemmermann, O., and Eckl, K., Z. Pflqnaterndhr. 
DUngung, 2B, 98-109 (1923) ; Chem. Ahs., 18, 
2936 (1924). Jnst. Gas Engrs., Commun. 142 
(1936), 87 pp.; Trans. Inst. Gas Engrs., 80, 265 
(1986-87). See also pp. 81-3 of ref. 11. 
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in the soil has a favorable influence on 
plant growth.^2^' 

Although ammonium bicarbonate has 
been produced at one German plant with 
complete satisfaction for a number of years, 
the process has not been introduced at 
other plants to any extent. For produc¬ 
tion of ammonium bicarbonate, the weak 
liquor is converted into crude, concentrated 
liquor. Since insufficient carbon dioxide is 
present to convert all the ammonia into 
ammonium bicarbonate, carbon dioxide is 
added. The ammonium bicarbonate is pre¬ 
cipitated in the form of crystals, which 
may be easily filtered or separated in cen¬ 
trifugal driers.^25 Ammonium carbonate is 
not precipitated, and ammonium sulfide is 
decomposed by the carbon dioxide. The 
reaction is exothermic, and cooling is neces¬ 
sary. A small scrubber for removing traces 
of ammonia contained in the waste gases is 
needed. 

Carbon dioxide is obtained from the 
coke-oven gas itself, or from outside 
sources. Coke-oven gas was used by 
Still .^26 jje washed the carbon dioxide out 
of crude gas by means of a special liquor 
containing ammonium hydroxide, and sub¬ 
sequently vaporized it in a concentrated 
form by heating the liquor to 90® C or 
higher under special conditions. The revi¬ 
vified liquor was cooled and returned to the 
gas washers. The handling of two stills 
and two liquors was a disadvantage of this 

128 Riedel, F., Stahl u. Eisen, 38, 1497-1506 
(1919); Chem.-Ztg., 45, 157-8, 828-80 (1921). 
Reman, E., Chem.-Ztg., 43, 449-51, 469-72, 489- 
91, 509-12, 524^6 (1919) ; U. S. Pat. 1,611,072 
(1926). Fischer, F., Ger. Pat. 368,222 (1922). 

124 Scbreiber, F., Die Industrie der Bteinkohl- 
enveredelung, F. Vieweg & Sohn, Braunschweig, 
1923, 192 pp., especially p. 180. Thau, A., Gas- 
u. Wasserfach, 68, 799-805 (1925). Fozwell, G. 
E., Ind. Chemistt 8, 208-11 (1933). 

126 Gluud, W., Ber. Ges. Kohlenteohnik, 1, 
143 (1923). See also p. 645 of ref. 2. Thau. 
A., Gas- u. Wasserfaoh, 68, 799-805 (1925). 

126 Still, C., Ger. Pat. 862,878 (1922), 



AMMONIACAL LIQUOR 


1404 

process, but removal of carbon dioxide from 
the coke-oven gas was an advantage, be¬ 
cause the calorific value was thereby in¬ 
creased. 

In the MacLaurin process, ^he extra 
carbon dioxide was supplied in the form of 
flue gases, introduced either hot at the bot¬ 
tom of the still or cold at the top. The 
mixture of gases from the still was cooled 
and then bubbled through the condensate 
in a crystallizer where the bicarbonate was 
deposited. Unless the flue gases were freed 
from sulfur dioxide, the product contained 
a small percentage of ammonium sulfite or 
sulfate. 

The carbon dioxide in the Lewis proc¬ 
ess was added to the vapors from the am¬ 
monia still in the form of waste gases from 
lime or Portland-cement kilns or furnaces. 
The mixture of gases, when cool, deposited 
ammonium carbamate, which was con¬ 
verted into ammonium bicarbonate by the 
addition of water and a further quantity 
of carbon dioxide. 

Parrish ^2® described processes in which 
concentrated liquor was used. In one the 
liquor was distilled and the carbon dioxide 
in a concentrated form (flue gases) added 
to the vapors. The mixture of gases was 
then cooled and ammonium bicarbonate 
precipitated. The conversion of ammonia 
in the concentrated liquor could also be 
secured by introducing the carbon dioxide 
into a tower down which the liquor trickled. 
This process, tried out on an experimental 
scale, was said to work without difficulty.^®® 

Carbon dioxide has been obtained by 
distilling the ammonium liquor in contact 
with limestone or similar carbonates. 

127 MacLaurin, K., Brit. Pat. 800,613 (1937). 

128 Lewis, H. R.. Brit. Pat. 14,618 (1896). 

129 Parrish, P., Brit. Pat. 379,319 (1932). 

180 See p. 106 of ref. 11. 

181 Seidler, P., Din§ler$ Polytech. J., 252, 
476-8 (1884) ; Ger. Pat. 26,638 (1884). Teed, 
F. C., J. 8oc. Chem. Jnd., 4 , 709-10 (1885). 


The ammonium chloride decomposes the 
limestone with the evolution of ammonia 
and carbon dioxide. Wachter intro¬ 
duced a stream of ammonia liquor directly 
into a lime kiln. 

The carbon dioxide requirements for pre¬ 
cipitation of ammonium bicarbonate from 
ammonia liquors were examined by Fischer 
and Hilpert.^®® For precipitation of 55 
percent of the ammonia from a 10 to 25 
percent solution with a gas mixture con¬ 
sisting of 1 part of carbon dioxide plus 4 
of air, about 10 times the theoretical re¬ 
quirement of carbon dioxide was necessary. 
Much ammonia was carried away with the 
gases. 

Ammonium bicarbonate may be recov¬ 
ered directly in the solid form from the 
coke-oven gas itself if the concentrations 
of the reacting materials are brought to 
the conditions for equilibrium as expressed 
by the equation: 

NHg 4- CO 2 -h H 2 O NH 4 HCO 3 

(NH8)(C02)(H20) 

(NH 4 HCO 3 ) 

Since the composition of a saturated solu¬ 
tion of ammonium bicarbonate is fixed, it 
may be included in the equilibrium con¬ 
stant K, together with the concentration of 
the water vapor in the gas. The equation 
then becomes K' = pNEg X PCO 2 , where 
p stands for the partial pressure of the two 
gases, respectively. 

When the concentration of carbon diox¬ 
ide is expressed as a volume percent, and 
that of the ammonia in terms of grains per 
100 cubic feet, the value of K' is 984 at 
20° C and 158 at 10° C. In crude gas from 
coke ovens or vertical retorts, this value 

182 wachter, P., Ger. Pat. 84,398 (1886). 

188 Fischer, F., and Hilpert, S., Oea. Abhandl. 
Kenntnia Kohle^ 1, 291-2 (1917). 

184 Hutchison, W. K., J. Chem. Boc., 1081, 
410-2. See also pp. 106-7 of ref. 11. 
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ranges from 600 to 800, so that, by cooling 
the gas to about 10* C, solid ammonium 
bicarbonate would precipitate. 

Ammonium bicarbonate can be recovered 
directly from the gas by building up the 
necessary concentrations of ammonia and 
carbon dioxide; according to Wilson,’ 
cooled, tar-free gas was compressed to a 
pressure of 3 atmospheres and the am¬ 
monia from the ammonia still returned to 
it. After further removal of tar and oil, 
the cornpressed-gas mixture was washed 
with a saturated solution of ammonium bi¬ 
carbonate. Solid salt separated from the 
liquor and was removed for drying. This 
process worked on a small scale without 
undue trouble, but the great drawback was 
compression of all the gas, together with 
the necessary cooling. 

Key attempted to produce the neces¬ 
sary equilibrium conditions for precipita¬ 
tion of ammonium bicarbonate by concen¬ 
trating the carbon dioxide and ammonia in 
a jiortion of the gas stream. The ammoni- 
acal liquor was distilled in the usual way, 
and the vapors from the dephlegmator con¬ 
taining carbon dioxide as well as the am¬ 
monia were introduced into a portion of 
the gas, the proportion of which depended 
on its carbon dioxide content. This gas, 
containing all the ammonia from the total 
gas plus sufficient carbon dioxide to com¬ 
bine with it, was then washed with a satu¬ 
rated solution of ammonium bicarbonate. 
Key concluded that operation of this proc¬ 
ess on a large scale would be difficult for 
two reasons: ‘(1) the saturated bicarbonate 
solution would contain a large excess of 
ammonia, loss of which would be difficult 

i36WilHon, W., Brit. Pat. 319,441 (1928); 
Trans. Inst. Gas Engrs., 80. 270 (1930-31). 

130 Institution of Gan Engineers and Key, A., 
Brit. Pat. 393,678 (1933). Key, A., and East- 
wood, A. H., Ins. Gas Engrs., Commun. 77, 44- 
54 (1933) ; Trans. Inst. Gas Engrs., 88, 175-82 
(1933-4). 


to prevent; and (2) dissipation of the heat 
of formation of ammonium bicarbonate 
without allowing the temperature of the 
solution to exceed 20® C would be difficult. 
He’®^ therefore proposed scrubbing por¬ 
tions of the ammonia and carbon dioxide 
from the gas. This liquor was distilled in 
a sectional still. In the upper section the 
carbon dioxide together with sufficient am¬ 
monia for combination to bicarbonate was 
driven off and absorbed in a saturated bi¬ 
carbonate solution. The free ammonia left 
in the liquor was then driven off in the 
lower section of the still and condensed to 
form a solution containing 5 to 10 percent 
ammonia. This liquor was used for scrub¬ 
bing more carbon dioxide from the gas. 
The process has been worked in the labora¬ 
tory. 

Methods for the purification of the gases 
from an ammonia still to be used in the 
production of ammonium carbonate have 
been described. Raspe’®® used zinc car¬ 
bonate or metallic oxides to remove hydro¬ 
gen sulfide and organic matter. In addi¬ 
tion to purifying the gases, Hilgenstock 
resublimed the ammonium carbonate which 
he produced. 

A method for producing ammonium car¬ 
bonate was patented by Black and 
Evans.’^^ Alcohols of low boiling point, 
such as ethanol or methanol, were added to 
ammoniacal liquor and the mixture distilled 
at temperatures below 100® C, preferably 
80°. The distillate was condensed to pro- 

187 Institution of Gas Engineers and Key, A., 
Brit. Pat. 455,648 (1936). Key. A., Etheridge. 
W., and Eastwood, A. H., Inst. Gas Engrs., 
Commun. 128. 11 (1935) ; Trans. Inst. Gas 

Engrs., 8.%, 404 (1935-36) ; Gas World, 108, 
389-90, 423-4, 439-40 (1935) ; Gas J., 212, 
476-82 (1935). 

lasRaspe, C., Ger. Pats. 70,977 (1893), 83,556 
(1895). 

i8» Hilgenstook, R. W., Am. Gas Light J., 88, 
483 (1911). 

140 Black, A. 6., and Evans, P., Fr. Pat. 800,- 
988 (1936) ; Ger. Pat. 658,900 (1938). 
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duce solid ammonium carbonate and a sol¬ 
vent for fats. 

The volatility of ammonium bicarbonate 
is a disadvantage to its handling, but tests 
have shown that losses are largely elimi¬ 
nated when the salt is suitably packed.^^^ 
Attempts have been made to counteract 
the volatility by addition of dehydrated 
salts, resins,- paraffin and similar ma- 
terials.^^^ 

The production of the bicarbonate in a 
coarsely granular form stable to storage 
has been claimed by a German inventor 
Carbon dioxide was led into a solution satu¬ 
rated with compounds of ammonia and car¬ 
bon dioxide under such conditions that the 
amount of ammonium bicarbonate which 
separated from the solution was 8 to 24 
grams per liter of solution per hour. 

Contamination of the ammonium carbo¬ 
nate with lead could be avoided, Leo¬ 
nard stated, by using aluminum for con¬ 
structing the apparatus in which the subli¬ 
mation and condensation were carried on. 

Ammonia Distillation by Use of Fixed 
Gases. Gas, instead of steam, has been 
used to distil ammonia from liquor. The 
mixture of gas and ammonia from the still 
was returned to the main body of gas. 
Schuster patented the use of a small 
stream of gas preheated at 100 to 400® C 
for stripping preheated liquor. 

Wilton added an alkali to the arn- 

lii Oluud, W., Ber. Gee. Kohlentechnik, 1, 
127, 820 (1928). Poxwell, G. B., JTnd. Chemist, 
9, 20^11 (1988). 

142 OsterreichiBCher Verein, Qer. Pat. 813,827 
(1919). Badiscbe Anilin und Sodafabrik, Oer. 
Pats. 801,674, 810,055, 810,056 (1920), 883,671, 
386,100 (1921). Welter, L., and Weindl, A., 
Ger. Pats. 882,114 (1920), 851,130 (1922). 

148 Borgwerksverband zur Verwertung von 
Scbutzrechten der Koblentechnik G.m.b.H., Ger. 
Pat. 664,070 (1938). 

i44Lennard, F., Brit. Pat. 5608 (1904). 

145 Schuster, N., U. S. Pat. 1,244,908 (1917); 
Brit. Pats. 6061 (1914), 12,220 (1018). 

146 Wilton, G., Brit. Pat. 23,043 (1908). 


moniacal liquor and returned the solution 
to the hot gas main. The fixed salts were 
decomposed, and the ammonia was vapor¬ 
ized into the hot gases. 

The Berlin-Anhaltische Maschinenbau 
A-G.^^^ distilled the ammonia from the 
liquor by means of the waste gases from 
the retorts. The apparatus was arranged 
in the smoke flue of the stack, and the 
ammonia was discarded with the gases to 
the atmosphere. 

Manufacture of Ammonium Chloride 

Ammonium chloride has been produced 
by concentrating ammoniacal liquors and 
crystallizing the salt. Owing to the low 
concentration of chloride in the liquor, the 
steam requirements are high unless waste 
heat can be utilized. In a number of in¬ 
stances, the liquor has been concentrated 
by recirculation through the collecting main 
in contact with the hot gases from the 
ovens, before final evaporation for the solid 
salt. 

This method was used by Heimbach and 
Thompson.^*® The chloride concentration 
of the flushing liquor was built up by re¬ 
circulation and evaporation in the mains to 
5-15 percent. Liquor was withdrawn to 
maintain this concentration and sent to a 
double-effect evaporator made of 18-8 
nickel-chromium stainless steel. The evap¬ 
orator, of standard design with a vertical 
tube basket, was operated with parallel 
flow of steam and liquor. The second 
effect delivered crystallized salts, which 
could be purified by centrifuging and re¬ 
crystallization. 

Although analyses showed that this am¬ 
monium chloride was practically pure, it 
gave poor results when used in sheet gal- 

147 Berlin-Anhaltische Maschinenbau A.-G., 
Ger. Pats. 204,858 (1907), 208,254 (1908). 

148 Heimbach, C. H., and Thompzon, N. B., 
U. S. Pat. 2,179,188 (1939). 
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vanizing. The trouble was due to the 
presence of minute amounts of substances 
which were described as ^'ammonia salts of 
certain organic acids.” A portion of these 
impurities was soluble in water and there¬ 
fore could not be removed from the mother 
liquor by filtration before recrystallization. 
But upon heating the ammonium chloride 
in the galvanizing operation, the composi¬ 
tion of the impurities was changed, and 
black, sticky substances were produced 
which stuck to the sheets and damaged 
the product. 

These organic salts, of which the inven¬ 
tors said there were hundreds, were elimi¬ 
nated by washing the chloride with ethanol. 
The ammonium chloride from the evapo¬ 
rator was placed in the centrifugal drier, 
washed with water, then with a 50 percent 
solution of ethanol, and finally with water 
again to remove the alcohol. The chloride 
was finally redissolved to form an ammo¬ 
nium chloride solution saturated at 80® C. 
The heating of the solution rendered any 
residual impurity in the chloride insoluble. 
The solution was filtered and crystallized. 
The crystals were centrifuged, washed with 
water, and dried. 

The mother liquor drained from the 
crystals was used to redissolve more alco¬ 
hol-washed ammonium chloride. The alco¬ 
hol was redistilled for further use. 

Hacker and Lloyd patented a proce.ss 
for concentrating ammonia liquor by cir¬ 
culating it through hot gases from the 
ovens until, on cooling without further 
evaporation, ammonium chloride crystal¬ 
lized out. Before crystallization the liquor 
was purified to remove tar and phenols. 

In the retort house of the Partington 
Gas Works, Holton recirculated the liq- 

149 Hacker, J. W., and Lloyd, T. C., U. S. Pat. 
1,849,923 (1932). 

160 Holton, A. L., Gaa Engr., 48, 882-5 (1931) ; 
Qa% J., 194, 790-801 (1931); Oaa World, 94, 
626, 736 (1931). 


uor until the concentration of ammonium 
chloride had built up to 14-18 percent. 
About 6 gallons of the concentrated liquor 
per ton of coal carbonized was withdrawn 
periodically for further evaporation and 
crystallization. The impure chloride was 
either recrystallized, or the concentrated 
liquor, before evaporation, was filtered 
through sawdust and activated carbon. 
The final salt was a pale pink and con¬ 
tained 98.3 percent ammonium chloride. 
An analysis of concentrated liquor with¬ 
drawn for evaporation is shown in Table 
XXIII. 

TABLE XXHI 


CONCENTBATED FLUSHING LiQUOR TO Bb 

Evaporated for Ammonium Chloride 


1.08 


Specific gravity at 
15.5° C 
Ammonia 
fixed 
free 

Chloride as HCl 
Sulfide as H 2 S 
Cyanide as HCN 
Sulfocyanate as HCNS 
Thiosulfate as H 2 S 2 O 8 
Sulfate as H 2 SO 4 
I'henol as CeHsOH 
Oxygen absorbed 


87.6 grams per liter 
1.0 gram per liter 
188.9 grams per liter 
0.06 gram per liter 
0.16 gram per liter 
0.4 gram per liter 
1.41 grams per liter 
0.8 gram per liter 
7.5 grams per liter 
18,200 parts per million 


Recovery of ammonium chloride from 
recirculated liquor was described by Cobb 
and Key.^®^ The tar acids in the liquor 
were “salted out” as the ammonium chlo¬ 
ride concentration increased. This effect is 
illustrated by the analyses of three samples 
of liquor which had been shaken at 60® C 
with the same vertical retort tar, Table 
XXIV. By evaporation of a slightly acidi¬ 
fied liquor, containing 12 percent ammo¬ 
nium chloride and having an oxygen ab¬ 
sorption of 20,650 parts per million, to 

151 Cobb, J. W., and Key, A., Ga$ J,, 196, 
Suppl. Binding, 14-16, 409 (1931); Qaa World, 
9S, 422-4, 466-9, 497 (1981). 
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TABLE XXIV 


Effect op Ammonium Chloride Concentra¬ 
tion OP Liquor on the Phenol Content 


Liquor 

Phenol 

Oxygen Absorption 
(difference figure 
representing 
higher tar acids) 


grams per liter 

parts per million 

Water 

3.16 

4,910 

10 percent NH 4 CI 

2.01 

3,460 

20 percent NH 4 CI 

1.56 

2,720 


about one-third of the original volume and 
cooling, crystals were obtained which con¬ 
tained not more than 0.27 percent impuri¬ 
ties of the higher tar acid type. The purity 
of chloride calculated from the ammonia 
content was 99.8 percent. The salt was 
slightly pink, the color becoming darker 
on exposure to the air. Recrystallization 
produced a greatly improved salt. 

Ammonium thiocyanate and tarry mat¬ 
ter may be removed from the chloride by 
washing with an organic solvent, such as 
pyridine, according to Key.^®^ 

The mother liquor from crystallization 
of ammonium chloride contained chiefly 
ammonium chloride, tliiosulfate, and sul¬ 
fate, according to Grossman.^®® This 
liquor may be worked up with lime in the 
still for recovery of the ammonia. Gross- 
man treated the liquor with sufficient sul¬ 
furic acid to combine with the ammonia of 
the thiocyanate for the production of am¬ 
monium bisulfate. On heating the acid 
solution to 100° C, part of the thiocyanate 
was destroyed. Another part distilled over 
and reacted with limestone to produce cal¬ 
cium thiocyanate. Hydrochloric acid has 
been added to ammonium chloride liquors 
in order to decompose fixed salts other than 
the chloride, such as thio compounds.' 

152 See p. 67 of ref. 11. 

158 GrosBman, J., J. Gas Lighting, 90, 526-6 
(1907). 

164 Berlin-Anhaltische Maschinenbau A.-G., 


The production of ammonium chloride 
by the evaporation of the unlimed liquor 
from the free still has been reported by 
Thau.'®® A simple method for the pro¬ 
duction of ammonium chloride'®® is addi¬ 
tion of hydrochloric acid to combine with 
all free ammonium compounds in the liq¬ 
uor, followed by concentration. 

Ammonium chloride was produced from 
ammonia liquor by Dubose and Henzey '®^ 
by addition of a mixture of calcium and 
ferric chlorides. The sulfides and carbo¬ 
nates in the liquor were completely pre¬ 
cipitated at the same time. 

Smith'®® stated that white, ‘"commer¬ 
cially” pure ammonium chloride crystals 
could be obtained from a crude solution by 
circulating the solution over steam pipes 
and then cooling and crystallizing. 

A process was developed by Gluud,'®® in 
which ammonium chloride was i)roduced 
from sodium chloride and ammonium bi¬ 
carbonate. A saturated solution of sodium 
chloride was treated with ammonium bi¬ 
carbonate (or with ammonia and carbon 
dioxide), which preciintated sodium bicar¬ 
bonate. To the mother liquor from this 
precipitation was added sodium chloride, 
which preeijiitated ammonium chloride. 
Ammonium bicarbonate was again added 
to the second mother liquor, and the cycle 
of precipitations continued indefinitely. 

Ger. pttt. 271,421 (1912). Jacobson, D. L., U. S. 
Put. 1.831,864 (1931). 

156 TLttu, A., Gas- u. Wasserfach, 08, 799-800 
(1925). 

156 Hllgeiistock, K. W., Gas World, 57, 482-3 

(1912) ; Chem. Engr., 15, 195-201 (1912). 

Heincken, M., J. Gasheleucht., 02, 30 (1919). 

157 Dubose, A., and Henzey, J. Boc. Chem. Ind., 
9, 614-5 (1890). 

158 Smith, T. B., and Sinioii-Curv6s, Ltd., Brit. 
Pttt. 234,933 (1924). 

159 Gluud, W., and Lopmann, B., Ber. Ges. 

Kohlentech., 3, 101 (1930) ; Z. anyew. Chem., 
43, 190-4 (1930) ; U. S. Pat. 1,710,636 (1929) ; 
Gey. Pats. 388,396 (1923), 394,578 (1924). 

Gesellschaft flir Eohlentechnik m.b.H., Brit. 
Pats. 229,640 (1925), 243,677 (1926). 
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The solid products were centrifuged and 
washed. A plant of medium size using this 
process was operated successfully. Since 
pure ammonium bicarbonate and sodium 
chloride could be added, a high-quality 
product could be produced. 

The size and shape of ammonium chlo¬ 
ride crystals may be altered to suit the 
consumer’s requirements by additions of 
very small quantities of other substances, 
such as chlorides of iron, manganese, cop¬ 
per, or nickel.^ 

Corrosion of equipment is a great prob¬ 
lem at plants in which ammonium chloride 
is handled. Practically all metals which 
can be used commercially are seriously at¬ 
tacked. Everhart reported that a 
iiickel-chrome-molybdenum alloy was re¬ 
sistant to ammonium chloride liquors. 
Bacon claimed that evaporation of am¬ 
monium chloride in the presence of free 
ammonia reduced the rate of corrosion, be¬ 
cause dissociation of the chloride was re¬ 
duced. Weber found that the presence 
of zinc or cadmium ions reduced corrosion 
during evaporation and that a weak direct 
current also heljied. Wood, particularly 
pitch pine, and stoneware were used by 
Hilgenstock in a plant for the recovery 
of aminomiim chloride. 

Evajiorators for concentration of ammo¬ 
nium chloride solutions were described by 
Brown.Steel evaporators had cast-iron 

i«o A., Bull. 8nc. ind liouen, 41, 335 

(mi3) ; Clnni.. Abts., 8, 3088 (1014). Ehrlich, 
E., Z. anorg, allgcm. Chem., 303, 20 (1931). 
Freitag, F., Chem. Trade J., 87. 477-9 (1930). 
I. G. Farbeniiidustrle A-G., Gor. Pat. 489,126 
(1925); Brit. Pat. 481,129 (1938). Imperial 
Chemical Industries, Ltd., Fr. Pat. 089,040 
(1930) ; Ger. Pat. 525,530 (1930) ; C. W. Bunn, 
U. S. Pat. 1,848,513 (1932). 

ifii Everhart, J. L., Chem. d Met. Eng., 30, 
88 (1932). 

182 Bacon, N. T.. U. S. Pat. 1,416,772 (1922). 

183 Henkel et (Me and Weber. W., Brit. Pats. 
196,586 (1923), 207,142 (1924). 

184 Brown, S. N., Chem. Trade J., 74, 123-4 
(1924). 


tubes or were lined with lead or acid-proof 
brick and provided with extra-heavy cop¬ 
per or bronze tubes. 

Production of Ammonium Sulfate by 
Use of Stack Gases, Pickle Liquor, or 
Other Means 

Stack gases have been utilized to provide 
the sulfate for the production of ammo¬ 
nium sulfate. In the patents of Hods- 
man,’^®^ ammoniacal liquor was exposed to 
chimney gases containing sulfur dioxide. 
The suJfite which was formed was oxidized 
to sulfate, and at the same time a substan¬ 
tial portion of the liquor w^as evaporated. 
The product was either ammonium sulfate, 
a solid mixture of ammonium salts in which 
sulfate predominated, or a highly concen¬ 
trated solution of the salts. Sperr^®® has 
described a similar process. The hydrogen 
sulfide in the gas w^as the source of the sul¬ 
fate in a process developed by Wagner.^®^ 
The gas was washed with a strong solution 
of sulfur dioxide which combined with the 
hydrogen sulfide to form complicated sul¬ 
fur compounds. The solution was then 
combined with the ammonia liquor, heated, 
and oxidized with air to ammonium sulfate. 

Ammonium sulfate has also been pro¬ 
duced by use of i)ickle liquor. Into a solu¬ 
tion of the iron sulfate, Sperr passed 
ammonia vapor substantially free from 
acidic gases, such as the vapor from the 
fixed ammonia still. The iron hydrates 
which were formed were oxidized to the 
ferric (‘ompounds and separated from the 
ammonium sulfate solution. 

Sierp ^®‘* has described German processes 

iB.'i Hodsman, II. J., and Taylor, A., Brit. Pats. 
356,283, 300,574 (1932). Holmes, W. C., and 
Co, and Hodsman, H. J., Brit. Pat. 377,969 
(1932). 

186 Sperr, F. W., Jr., Can. Pat. 330,145 (1933). 

3 87 Wagner, F. H., U. S. Pat. 1,020,168 (1912). 

188 Sperr, F. W., Jr., U. S. Pats. 1,983,320 
(1934), 1,986,900 (1935). 

169 Sierp, F., Stahl u. Eiaen, S8, 491-7 (1938). 



AMMONIACAL LIQUOR 


1410 

in which the ammonia from the stills has 
been treated with pickle liquor for the pro¬ 
duction of ammonium sulfate. Use of the 
waste acid from the benzol refining proc¬ 
ess has also been proposed. It is combined 
with the ammonia liquor to produce a 
concentrated solution of ammonium sul- 
fate.i^o 

Production of Other Ammonium Salts 

The preparation of fertilizers by the ad¬ 
dition of phosphoric acid to ammonia liq¬ 
uor, evaporation of the solution, and crys¬ 
tallization of ammonium phosphate has 
been patented by Hansen.^^^ By adding 
ammonia liquor to superphosphate, Bon- 
giovanni^^^ produced an ash-colored, al¬ 
most odorless, nonhygroscopic fertilizer, 
free from cyanides and thiocyanates. Re¬ 
covery of ammonium salts, including sul¬ 
fide, thiosulfate, and thiocyanate, in crystal¬ 
line form successively by evaporation and 
crystallization from the liquor was patented 
by Knapp.^^3 

Utilization of Ammonia Liquor 

A number of industrial applications for 
weak ammonia cal liquors have been sug¬ 
gested, but none are known to be of com¬ 
mercial importance. The liquor has been 
used in place of dilute alkalies. Thus 
Chevalet^^* suggested adding ammoniacal 
liquor for the precipitation of lime salts 
from water prior to use of the water for 
gas washing or as feed water. 

Simmer patented the utilization of gas 
liquor as a source of nitrogen in fermenta¬ 
tion processes. The liquor was acidified 

170 Phoenix A-6. fOr Bergbau- u. Htittenbe- 
trleb., Ger. Pat. 289,162 (1914). 

iTiHanaen, C. J., Brit. Pat. 342,318 (1929). 

172 Bonglovanni, C., Btaz, aper. agrar. ital., S2, 
521-3 (1919) ; Chem. Aba., 15, 3636 (1921). 

178 Knapp, W. R., U. S. Pat. 1,823,364 (1931). 

i74Chevalet, M., Gaa J., 168, 736 (1923). 

176 Simmer, F., Ger. Fat. 624,981 (1927). 


and distilled to remove volatile impurities. 
It was then made slightly alkaline and fil¬ 
tered through active carbon. 

The use of the aqueous liquor produced 
in the low-temperature coking of coal di¬ 
rectly as a photographic developer has been 
patented by Fischer and colleagues.^’'® Be¬ 
fore its use the liquor was distilled until 
the phenolic odor disappeared. 

The residual condensation products 
which are produced by the addition of alde¬ 
hydes to the waste liquors, according to 
Bunge and Macura,’^^ may be mixed with 
a binder such as linseed oil for the produc¬ 
tion of paints. 

Jones and Bury’^® described the use of 
ammoniacal liquor as a frothing agent for 
separating finely divided coal or other car¬ 
bonaceous material from water in which it 
was suspended. The froth contained the 
coal and the organic matter of the liquor. 
Froth flotation could also be utilized for 
separating suspended carbonaceous ma¬ 
terial from the liquor itself. Keithde¬ 
scribed the removal of sulfides from gas 
liquors destined for hydrometallurgical use 
by the addition of zinc oxide. The zinc 
sulfide precipitate was separated. The 
utilization of purified waste liquors for 
washing coal was patented by Hinsel- 
mann.^®® 

Still waste was added to the flue dust 
from blast furnaces by Marquard.’®^ On 
aging of the mixture, a reaction occurred 
which caused the dust to bind together so 

176 Flscber, F., Schrader, H., and TropHcb, 
H., Ger. Pat. 374,006 (1922). 

177 Bunge, F. C., and Macura, H., Ger. Pat. 
605,670 (1927) ; Brit. Pat. 326,112 (1929). 
Bunge, F. C., Fr. Pat. 676,871 (1929). 

178 Jones, F. B., and Bury, B., Brit. Pat. 165,- 
144 (1920) ; U. S. Pat. 1,388,868 (1922). 

l79Keitb, B. W., U. S. Pat. 1,673,169 (1926). 

180 Hinselmann, G., Ger. Pat. 274,161 (1912). 

isiMarquard, F. F., U. S. Pat. 1,680,107 
(1928). 
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that it could be recharged into the blast 
furnace without crumbling. 

Anunoniacal liquors may sometimes be 
utilized in other processes around the coke 
or gas plant. Bailey has listed the utili¬ 
zation of still wastes for washing gaseous 
products of combustion, use in coal wash¬ 
ing, discharge onto waste spoil heaps, par¬ 
ticularly those on fire, replacement of water 
in milk-of-lime mixers, and others. 

THE USE OF AMMONIACAL LIQUOR AS A 
FERTILIZER 

Good results have been secured by the 
use of ammoniacal liquors directly as a fer¬ 
tilizer. In 1922, Mews stated that gas¬ 
works in Germany sold crude gas liquor 
containing 1.5 percent ammonia for agri¬ 
cultural purposes. When properly used, it 
did not harm plants and gave good results. 
In Belgium it was sold under the name of 
sulfocyanide of ammonia.^** 

Demolon^®® reported that the ammonia 
nitrogen was easily utilized. The thiocya¬ 
nate disappeared slowly and with difficulty 
in soils. The ferrocyanides appeared to be 
stable, but the tarry substances were more 
or less toxic to plants, especially during ger¬ 
mination. In discussing the studies of the 
Rothamsted station on the action of anti¬ 
septics on soil, Russell and Buddin 
showed that protozoans which kept down 
the bacterial population could be eliminated 
by means of antiseptics. Among the anti¬ 
septics which gave good results were pyri¬ 
dine, phenol, cresols, and benzene and its 
homologs. After the addition of these anti¬ 
septics, the number of bacteria increased, 

182 Bailey, T. L., Oaa J., 1J59. 213-4 (1922). 

188 Mews, J., Qas- u. Waaaerfaoh, 05, 123-4 
(1922) ; Gaa J., 157, TOO (1922). 

184 Shnidman, L., Proc. Am. Oaa Aaaoo., 1082, 
950-69. 

188 Demolon, A., Ann. aoi. agron., [4] 1, 178^ 
214 (1913) ; Chem. Aba., 7, 2277 (1913). 

186 Russell, B. J., and Buddin, W., J. Boc. 
Chem. Ind., 82, 1186-42T (1918). 
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and the productiveness of the soil was 
raised. In tests on solutions containing be¬ 
tween 1 and 5 percent ammonia, Beaumont 
and Larsinos found that, as a carrier of 
fertilizer nitrogen, aqua ammonia was 
about 70 percent as effective as ammonium 
sulfate and sodium nitrate. 

Ammoniacal liquors should be applied 
and plowed under about two weeks before 
seeding in order to avoid the toxic effects 
of phenols, hydrogen sulfide, thiocyanates, 
and cyanides on the plants, according to 
Mach.’®® PatureP®* emphasized that the 
liquor will kill vegetation if applied di¬ 
rectly, but, by contact with the soil, the 
harmful substances are converted into am¬ 
monium compounds and utilized by nitri¬ 
fying bacteria. Methods of application, 
either directly to the soil or in admixture 
with manure, were described, and the opti¬ 
mum quantities to use on different crops 
were stated, on the basis of German ex¬ 
perience. Gas liquor kills inserts, larvae, 
weeds, and parasitic plants. This beneficial 
action was ascribed to the phenol. 

The use of raw ammonia liquor contain¬ 
ing about 1 percent nitrogen on meadow 
lands and for the fertilization of oats, car¬ 
rots, beets, spinach, and cabbage was de¬ 
scribed by Raupp.^®® When the liquor was 
diluted with an equal volume of water and 
2 liters of the mixture was applied per 
square meter of meadow land, the yield of 
dry hay was increased by 150 percent. By 
application of a mixture consisting of 1 liter 
of the liquor to 3 liters of water per square 
meter, yields of vegetables were increased 
from 150 to 300 percent. No unfavorable 

187 Beaumont, A. B., and Larsinos, G. J., Am. 
Fertilizer, 76, No. 9, 9, 10, 28, 30 (1932). 

188 Mach, F., J. Ind. Bng, Chem., 11, 156 
(1919). 

189 Paturel, J. uainez gaz, 53, 11 (1929) ; 
Q^nie civil, 04, 416 (1929). 

lOoRaupp, K. H., Oaa- u. Waaaerfaoh, 73, 
230-3 (1930). 
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results due to action of the compounds in 
the liquor were noted. 

Schuster stated that poisonous sulfides 
and thiocyanates in the liquor are readily 
oxidized in well-aerated ground. Gas liquor 
should be applied several weeks before sow¬ 
ing. Because of the tarry constituents, top 
dressing should be avoided, except for cul¬ 
tivation of grasses. The use of gas liquors 
absorbed in peat is preferable to its direct 
use; this is true also for the waste liquor 
after distillation without lime. 

Experiments carried out at the Marien- 
dorf gasworks in Berlin on the admixture 
of 1 percent by volume of weak ammonia 
liquor with city sewage were described by 
Weldert and coworkers.^®^ Most of the 
ammonia in the liquor was combined with 
carbon dioxide. No injury resulted from 
use of the mixture on sewage farms, the 
vegetables had no peculiar odor, and the 
taste of milk from cows pastured on grass 
or beets was unaffected. The amounts of 
substances retained on two test fields, each 
about 0.3 acre, one fed with the sewage 
and the other with the sewage-ammonia 
liquor mixture, are shown in Table XXV, 

In later tests,the proportion of am¬ 
monia liquor in the mixture was increased 

TABLE XXV 

Results from Use of Ammoniacal Liquor 
ON Sewage Farms 

IrriKaied with 

Sowage-Liquor 
Sewage Mixture 

Kilograms ammonia nitrogen 
retained 165 376.4 

Kilograms phenol retained 18.5 05.6 

Kilograms organic matter re¬ 
tained (calculated from 
KMn 04 demand) 1,842.0 856.3 

191 Schuster, F., ibid., 74, 318-9 (1931). 

192 Weldert, R., Kolkwitz, R., Zlehe, Nehm, 
KOhler, H., Bausch, H., and Langbein, ibid., 74, 
1005-10, 1030-4 (1931). 

198 Weldert, R., Kolkwitz, R., Nehm, Kohler, 
H., and Bausch, H., ibid., 75, 920-30 (1932). 


to 3 percent with satisfactory results. Pu¬ 
trefaction in the drainage water did not 
occur during addition of this proportion of 
liquor. A 3 percent admixture of liquor 
with sewage distributed over the surface 
proved hannful to the early growth of 
young grass, but by the fifth cutting the 
yield was about 10 percent greater than on 
a section fed only with sewage. 

At Marienburg, pot tests were carried 
out to determine the effect of liquors con¬ 
taining 2 percent ammonia on oats and 
mustard plants. They indicated that good 
results could be obtained on the better or 
heavier soils, according to Bimschas.’”** 
Poor results were obtained on a poor, sandy 
soil, even though potash and jihosphate 
were added. 

Purification of the gas liquor to be used 
for fertilizer has also been patented.’®® 
Cyanide was converted to thiocyanate, sul¬ 
fur was separated from sulfur compounds 
by treatment with air, and the liquor was 
distilled. The nonvolatile compounds were 
left in the retort. 

The cost of transportation and distribu¬ 
tion of ammoniacal liquor over the soil will 
usually be prohibitive. For a very small 
plant located near a large area of agricul¬ 
tural land, disposal of the liquor as a ferti¬ 
lizer might be more economical than re¬ 
covery of ammonia in the still. 

USES FOR CONCENTRATED AMMONIA LIQUOR 

Pure concentrated ammonia liquors have 
been oxidized to nitric oxide without injury 
to platinum catalysts, but crude liquors 
containing sulfur rendered the gauze cata¬ 
lysts inactive unless the sulfur was re¬ 
moved.^®® 

i94BimHchas, ibid., 74, 13-6 (1931); Gas J., 
193, 324 (1931). 

39B Gesellseliaft fUr Landwirtschaftlichcn Bp- 
darf and Mandelbaum, I. R., Brit. Pat. 153,006 
(1920). 

190 Parley, G. A., and White, W. P., Ind. Eng. 
Cham., 21, 564-7 (1929). 
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DISPOSAL OF AMMONIACAL LIQUOR 
Pure liquid ammonia was prepared from Discharge of still waste or other ammo- 


ammoniacal liquor by ZaniboniJ”^ The 
ammonia was scrubbed from the still gases 
by an absorbing solution which was then 
heated in a closed condensing system until 
the expelled ammonia liquefied. By using 
ammonium thiocyanate and ammonium ni¬ 
trate solutions, practically 100 percent am¬ 
monia was produced. 

Concentrated ammonia liquors have been 
suggested for the removal of hydrogen sul¬ 
fide, carbon dioxide, and hydrogen cyanide 
together from coal gas.’®® 

Methods for Disposal of Ammoniacal 
Liquor 

The following methods for the dis])osal 
of ammoniacal liquors or wastes may be 
employed: (1) discharge into rivers, lakes, 
or the sea; (2) discharge into or on the 
ground; (3) evaporation or use in plant 
processes; or (4) treatment in sewage-dis- 
jiosal jilants. 

DIS('HAHX1E INTO A STREAM 

Discharge of waste liciuors from the am¬ 
monia still into a stream, although usually 
the most convenient method of disposal, is 
oiieii to >erious objections, the most im¬ 
portant of which is the possible effect on 
water sujijilies. The 1025 ’®® report of the 
Advisory Committee on Official Water 
Standards of the United States Treasury 
Department specified that '‘the water 
should be clear, colorless, odorless, and 
pleasant to taste, and should not contain 
an excessive amount of soluble mineral 
substances.” 

lerZaniboni, R., U. S. Pat. 1,954,973 (1934); 
Acqua e gas, 33, 47-57 (1934) ; Ghcm. Ahs., 20, 
C734 (1935). 

198 See Chapter 11 in ref. 11. See also pp. 
201-70 In ref. 66. 

190 TJ. 8. ruh. Health Service, Pah. Health 
Pegts, 40, 693-722 (1925) ; Jordan, H, E., Jnd. 
Png. Vhem., 31, 152-8 (1929). 


niacal liquor into a stream may have one 
or more of the following effects: 

1. Organic matter in the liquor produces 
odors and tastes in the water, particularly 
after chlorination. 

2. The high oxygen-absorbing capacity of 
the liquor uses up the dissolved oxygen in 
the water. Two effects are then possible: 
(a) putrefactive decomposition of the or¬ 
ganic matter in the water may give rise to 
foul-smelling compounds, such as hydrogen 
sulfide and mercaptans; (6) depletion of 
the oxygen in the water will cause the death 
by suffocation of higher forms of life, such 
as fish. 

3. ' Inorganic salts in the liquor increase 
the hardness and the corrosive action of 
the water. 

4. Dissolved compounds in the liquor ex¬ 
ert a toxic effect on the flora and fauna of 
the water, including such life as bacteria, 
fish, and oyster beds.-®® 

5. Insoluble matter, such as the carbon¬ 
ates, settles to the bottom and chokes out 
the life there. 

The increasing public consciousness of 
the value of water supplies is rendering dis¬ 
posal of unpurified waste waters into public 
bodies of water increasingly difficult. Un¬ 
treated still wastes have proved so objec¬ 
tionable that their discharge into lakes or 
streams Inxs in many places been jirohibited. 

Taste and Odor Production. The most 
serious objection to the discharge of am¬ 
moniacal liquor into a stream is the devel¬ 
opment of medicinal tastes and odors in 
chlorinated water which contains the liquor. 

The danger in distributing water con¬ 
taining a taste or an odor has been empha¬ 
sized by Jordan.’®® "Unpleasant taste is 
the most serious quality affecting the good¬ 
will of the community towards its drinking 

200 Willien, L. J., Gas Record, 18, No. 8, 81-4 
(1920) ; Gas Age, 46, 349-52 (1920). 
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water. Boards of health may point out 
that the supply is not safe, but as long as 
it tastes well it is difficult to make the av¬ 
erage citizen believe that it is not safe, and 
conversely, it is very difficult to make the 
average citizen believe that bad-tasting 
water is safe.'' 

The medicinal tastes and odors are usu¬ 
ally due to reactions of the phenols in the 
liquor with the chlorine which, in most 
water-treating plants, is added during the 
purification process. Chlorophenols are 
formed. The following equation shows one 
of the reactions which may occur: 

CeHsOH 4- 3Cl2 CeHzClsOH -h 3HC1 

The medicinal tastes of chlorinated t)he- 
nolic compounds are exceedingly penetrat¬ 
ing and have been detected at extremely 
high dilutions in water. According to 
Bach,2oi chlorophenol is plainly tasted at 
concentrations of 1 part in 10 million. 
Theriault ^02 found that chlorophenol tastes 
were faintly noticeable at concentrations of 
1 part in a billion when the chlorine dosage 
was carefully adjusted, and unmistakable 
at 5 parts per billion. Kohman^°® de¬ 
tected a chlorophenol taste after chlorina¬ 
tion of water containing 1 part of phenol 
in 760 million. It was essential that the 
chlorine be present in the proper concen¬ 
tration. A slight excess destroyed the 
taste. Chlorophenol compounds in water 
containing phenol, which had been subse¬ 
quently chlorinated, not only imparted a 
very penetrating odor to the water but also 
was responsible for a medicinal taste which 
developed in canned food in which the 
water was used. 

Dieterle pointed out that the psychol- 

201 Bach, H., Z. angeto. Ohem., S9, 1003-8 
(1926). 

202 Theriault, B. J., Ind. Eng. Ohem., 21, 343-6 
(1929). 

2oaKohman, B. F., ihid., 15, 518 (1923). 

204 Dieterle, B. A., Oat Age, 46, 427-8 (1920). 


ogy of taste is very involved and that taste 
results are not absolute. In his tests car¬ 
ried out with a number of observers, the 
least amount of phenol which could be 
detected was 1 part in 75 million. Pitts¬ 
burgh tap water was used, and the mix¬ 
ture chlorinated to 0.3 part per million. 
Brown,20® at Milwaukee, found that water 
containing 1 part of phenol in 500 million, 
when treated with 0.3 part per million of 
chlorine, developed a taste which rendered 
it unsuitable for drinking or cooking pur¬ 
poses. 

Not only phenols produce a medicinal 
taste in water on chlorination; according to 
Adams,2o« similar tastes will be produced 
by cresols, xylenols, salicyl derivatives and 
their isomerides, cresotinic acids, metals, 
especially zinc and lead, and iodides. Phe¬ 
nolic substances may originate from other 
sources than the waste liquors from car¬ 
bonizing operations, such as washings from 
tarred roads, air-borne volatile phenolic 
substances, creosoted wood pipes, and 
tarred cord in pipe joints. Domestic sew¬ 
age also contains phenols. 

Difficulties from phenolic tastes and odors 
are described frequently in the literature. 
The situation in the Ohio River valley was 
at one time particularly aggravated, owing 
to the number of coke plants which dis¬ 
charged waste liquor from their ammonia 
stills into the river and its tributaries,^®^ 
but the installation of dephenolizing plants 
has largely prevented further occurrence of 

206 Brown, R. B., Am. Oat Attoc. Monthly, 1, 
189-90 (1919). 

206 Adams, B. A., Water d Water Eng., 88, 
109 (1931). 

20 T Leitch, R. D., U, 8. Puh. Health Service, 
Pub. Health Reptt., 40, 2021-6 (1925). Hodge, 
W. W., W. Va. Univ. Coll. Eng., Tech. Bull. 1, 
40-54 (1927) (Series 18, No. 8). Streeter, H. 
W., V. 8. Pub. Health Service, Pub. Health 
Reptt., 44, 2149-56 (1929). Waring, F. H., Am. 
J. Pub. Health, 19, 758-70, 817-22, 929-34 
(1929). 
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the taste troubles.®®® Sporadic appearance 
of phenols in the river under conthtions of 
recovery are most likely to occur in the 
cold months of the year, because of several 
basic causes: ®®* (1) biochemical processes 
for stream self-purification are retarded 
under conditions of low temperature; (2) 
surface drainage from stations where wastes 
are disposed of in quenching hot coke find 
their way to streams without purification 
by soil percolation, when the ground is 
covered with snow and ice; and (3) acci¬ 
dental leaks and spills constitute an im¬ 
portant source of phenol contamination. 
In addition, phenol may be fixed in ice and 
liberated in quantity during thaws. Also, 
gas plants tend to operate a little faster 
during the winter, so that the volume of 
liquor is greater.®®® 

Other locations®^® where troubles have 
occurred are in the vicinity of the coke 
plants of the Great Lakes region. These 
troubles also have been largely minimized 
by treatment of the waste, either by de- 
phenolization, or in sewage-purification 
plants In the Ruhr region in Germany, 
phenol pollution of the rivers has been a 
problem. Wiegmann ®^® has reported that 
dephenolization of all the liquors, followed 
by biological treatment and retention in 
storage ponds, is necessary for a satisfactory 
solution of problems of elimination of taste 
and odor of waste liquor before discharge 

208 Hatch, B. P., Blast Furnace d Steel 
Plant, 18, 618-19, 621 (1930). 

209 Shaw, J. A., private communication, 1941. 

210 Emergou, C. A., Jr., Trans. Am. Soc. Civil 
Kng., 85. 484-5, 606-8 (1922) ; Eng. Gontr., 67, 
132-3 (1922). 

211 Ellms, J. W., Eng. News-Record, 93, 453 

(1924). Bundesen, H. N., Water Works, 67, 
240-6 (1928). Waring, P. H., Am. J. Pul. 
Health, 19. 758-70, 817-22, 929-34 (1929). 

Hatch, B. P., Blast Furnace d Steel Plant, 17, 
1493-6, 1797-1800 (1929), 18, 296-8, 618-9, 
621 (1930). 

212 Wiegmann, H., Qas- u. Wasserfach, 76, 
433-6 (1932). 


into streams serving for public water sup¬ 
plies. 

Oxygen Ahsorytion of Ammomacal Liq¬ 
uors. Organic matter in sewage or indus¬ 
trial wastes entering a stream is decom¬ 
posed mainly by the oxidizing action of 
bacteria or other organisms which are 
found in the water. These reactions con¬ 
sume the oxygen dissolved in the water, 
sometimes to such an extent that the water 
cannot support aquatic life. In water de¬ 
nuded of its oxygen, other bacterial reac¬ 
tions may take place which result in the 
production of foul-smelling compounds and 
unpleasant conditions generally. 

In the opinion of the British Royal Com¬ 
mission on Sewage Disposal,®^® domestic 
sewage can be discharged into water with¬ 
out previous purification, when the volume 
of the water is at least 500 times the vol¬ 
ume of the sewage. At this dilution, the 
oxidation which occurs subsequent to the 
discharge does not unduly deplete the dis¬ 
solved oxygen content of the mixture, and 
little damage or nuisance is caused. 

Trade wastes may have a much higher 
oxygen absorption than domestic sewage, 
and such wastes will require a proportion¬ 
ally greater dilution. It is now seldom pos¬ 
sible for a plant to discharge its waste liq¬ 
uor into a stream, unless dilution adequate 
to prevent the formation of objectionable 
tastes and odors or of toxic concentration 
is possible. Sometimes, even though the 
degree of ultimate dilution is satisfactory, 
the rate of diffusion is so slow that local 
toxic concentrations persist for a long time 
and give rise to trouble. In such circum¬ 
stances, preliminary mixing of the waste, 
with other sewage for instance, facilitates 
further dilution in the stream into which 
the mixture flows. 

218 Royal Commission on Sewage Disposal, Bth 
Report. See also p. 24 of ref. 11. 
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The oxygen requirements for the decom¬ 
position of the organic matter in ammo- 
niacal liquor or other organic waste can be 
measured by two methods: (1) the oxygen- 
consumed test; and (2) the biological oxy¬ 
gen demand, or B.O.D. 

The oxygen-consumed test determines 
the amount of potassium permanganate de¬ 
stroyed in oxidizing the organic matter in 
a solution acidified with sulfuric acid under 
standardized conditions.^^^ Organic com¬ 
pounds are not oxidized by potassium per¬ 
manganate with equal facility,-'® so that in 
the test only a portion of the organic mat¬ 
ter is destroyed. The proportion varies in 
different samples and, in particular, with 
different kinds of wastes. Although under 
the test conditions the organic matter may 
not be completely oxidized, the relations be¬ 
tween the proportion oxidized and the total 
amount present in ammoniacal liquor and 
in domestic sewage, respectively, are fairly 
constant. In these fluids the test can be 
used to measure the relative amounts of 
oxidizable organic matter pre.sent.2'« A 
further discussion will be found in the 
methods of analysis. 

The biological oxygen demand test aims 
to determine the amount of oxygen re¬ 
quired for the biochemical decomposition 
of sewage or other wastes, and the rale of 
its consumption, by producing biochemical 
conditions of oxidation. The sewage is di¬ 
luted with a known amount of aerated iiure 
water of known oxygen content, and the 
oxygen consumed during the incubation of 
the diluted sewage for a definite time at a 
definite temperature is determined This 

214 Gas Chemiata* Handbook, Am. Gas Assoc., 
New York, 1929. Bailey, T. L., Ann. Kept. AI 
kali, dc., Worka, 64. 21-2, 24-5 (1928). See 
also pp. 186-6 of ref. 11. 

215 Ivekovic, H., Plyn, Voda, zdrav. Tech., 17. 

408-412 (1937) ; Chem. Zentr., 109, I, 143 

(1938). 

216 Chapter 4 of ref, 11. 

217 Am. Pub. Health Assoc., Standard Methoda 


test is much to be preferred for liquors 
undergoing biological oxidation, but it suf¬ 
fers from the disadvantage that the results 
are not known for 5 days.-'® 

Effects of Ammoniacal Liquors on Fish 
and Other Forms of Life. Many of the 
compounds dissolved in ammoniacal liquor 
have proved toxic to fish when present in 
sufficiently high concentrations. Suscepti¬ 
bility of the fish has varied with such fac¬ 
tors as kind and size of fish, length of 
exposure, temperature and dissolved oxy¬ 
gen concentration of Ihe water, and the 
time of the year. 

Toxic concentrations for a number of 
coal-tar compounds to five kinds of fish, 
when exposed for 1 hour, were determined 
by Butterfield at different times of the 
year (see Table XXVI). In the right-hand 
column of the table are included concentra¬ 
tions, which Shelford found would kill 
American orange-spotted sunfish m 1 hour. 

Butterfield found that observations 
on goldfish were similar to those on carp, 
with which they are closely allied, but were 
useless as an indication of results on perch 
and trout, which thrive only in well-oxygen¬ 
ated waters. Perch, dace, and gudgeon 
were satisfactory alternatives to trout. 
Minnows were even more sensitive to most 
poisons. 

Shelford^s work showed that smaller 
fish were more readily affected than the 
larger, and that the most sensitive of all 
were probably the smallest fry. Of the 34 
representatives of the chief groups of com¬ 
pounds found in gas liquor and gas, which 
were studied by Shelford, 31 were fatal in 
concentrations between 1 and 1,500 parts 

of Water Analyaia, 8th ed., LancaBter Press, 
Lancaster, Pa., 1936, Pt. Ill, Sect. XII. 

218 Butterfield, W. J. A., J. Soc. Chem. Jnd., 
47. 293-31 IT (1928). 

219 Shelford, V. E., Bull. Illinoia State Lab. 
Nat. Hiatory, 11. 381-412 (1917), 13. Art. 2 
(September, 1918). 
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TABLE XXVI 

Relative Toxicity to Fish op Aqueous Solutions of Coal-Tar Compounds 


Fish 

Carp 

Gudgeon 

Dace 

Perch 

Trout 

American Sun 

Size or age 

8 in. 

6-8 in. 

8-10 in. 

1-2 yr 

1-2 yr 

0.14-0.21 OB 

Compound 

Concentration in parts per million which will kill Mi 

in 1 hour. (Month of observation i 




parentheses) 



Ammonia 

50 (N, D) 

35 (S) 

30 (0) 

18 (F. D) 

18 (S, D) 

7.5 



30 (N) 

25 (N) 

25 (S) 



Ammonium sulfate 


1,000 (S) 

1,000 (0) 

600 (Jn) 


46 

Ammonium thiocyanate 


500 (S) 

600 (O) 

450 (Jn) 


29 

Phenol 

400 (D) 

100 (0, D) 

100 (N) 

50 (Mr) 

30 (My) 

72.6 





.30 (My) 

25 (S) 






25 (S) 

50 (D) 



Mixed 



100 (D) 



0 - and m-cresol 

250 (O) 

no (0. D) 

no (D) 

80 (D) 

10 (Au) 

60 (o- only) 

Naphthalene 

Not toxic 

Not toxic 

Not toxic 

Suspended 

Suspended 

4.6 


(S) 

(S) 

(O) 

solid (Ja) 

solid 







45 min (Ja) 


Pyridme 


Not toxic 

Not toxic 


2,000 (Jn; 

1,530 



(D) 

(D) 





(SuHponded solid of naphthalene refers to vigorous shaking of powdered naphthalene with water 
and rapid filtration.) 


per million in 1 hour. The fish usually re¬ 
acted positively to the mixtures studied; 
i.e., they entered polluted water from pure 
water readily, and turned back into pol¬ 
luted water on encountering pure. This in¬ 
creased the danger to the fish. 

The toxic limit of a comiiound to fish 
has been defined by the South Metropolitan 
(las Coinjianyas the concentration m 
water which just caused the fish to turn on 
their backs in 60 minutes’ exposure. This 
limit is definitely lower than the killing 
limit. Toxic limits for several compounds 
were determined on trout, Table XXVII. 

TABLE XXVII 

Toxic' Limits of Fodr Coal-Tar Compounds 
ON Trout 

Compound Toxic Limit Month 

parts per million 

Phenol 10-12.5 January, February 

7.5 July 

p-Cresol 7.5 February, July 

Pyridine 400 April 

Naphthalene 3.75 November 

220 South Metropolitan Gas Company, J. 8oc. 
Chem. Ind., 50, 184-90T (1937). 


The toxicity of phenol is lowered if the 
water is aerated, as shown by Eldridge.^-^ 
Over 20 parts per million killed fish in an 
aerated sample of water, but in unaerated 
water, ID to 20 parts per million were fatal. 
The toxicity of cresol was the same, 15 to 
20 parts jier million, in both aerated and 
unaerated water. 

Hubault investigated the toxicity of 
organic compounds which may be present 
in waste waters from carbonizing opera¬ 
tions, high as well as low temperature, on 
roach. The toxicities of phenols at differ¬ 
ent temperatures, and of several other hy¬ 
drocarbons, are given in Table XXVIII. 

Demyanenko found that water is in¬ 
jurious to fish if the alkalinity is more than 
8 cubic centimeters or the acidity more 
than 1.6 cubic centimeters of normal solu¬ 
tion per liter. The following data on the 

221 Eldridge, B. F., Bull. Mich. Eng. Expt. 
Bta., GO, 49 (1934). 

222 Hubnult, E., Compt. rend. acad. agri. 
France, 21, 228, 255, 714 (1935), 22. 130, 324 
(1936). 

223 Demyanenko, V., Hig. i. Epidem. ( U.8. 
8.R.), 10. No. 6/7, 13 (1931) ; Chem. Abe., 27, 
2746 (1933). 
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TABLE XXVIII 

Toxicity of Oboanic Compounds in Waste 
Liquobs on Roach 


Phenol 

30 ppm in 2.5 

hr at 9.5® C 


20 

4.5 

9.5® 


20 

1.83 

21 ® 

o-Creaol 

110 

5 

9.5® 


70 

3 

21 ® 

n-Pentane 

>60 

1-4 

20 .2® 

n-Heptane 

30 

1-4 

21 .1® 

Benaene 

20 

1-4 

9 and 16.3® 

Toluene 

>9 

1-4 

6 .8® 

Toluene 

3 

1-4 

20 ® 

Thiophene 




unaffected in 1.8 

4 

11.7® 


toxicity of specific compounds were re¬ 
ported: naphthalene, lethal at 10 parts per 
million; calcium chloride, injurious at 12,- 
500 parts per million; ammonium thiocya¬ 
nate, deadly at 200 parts per million; and 
pyridine, feeble effect at 1,000 parts per 
million. Fish were able to live for long 
periods in water containing 15 parts per 
million of phenol, but the flesh acquired a 
phenolic odor. 

Hardtl 224 reported that phenol was toxic 
to perch at concentrations of 5 parts per 
million. Heifer, 2 -® on the other hand, 
stated that 0.1 part per million of phenol 
was harmful. From his work on the bac¬ 
terial oxidation of phenol in water, Miil- 
ler 226 suggested that damage to fish in 
streams might be caused by lack of oxygen, 
due to the biochemical oxidation of con¬ 
centrations of phenol considerably below 
those which would cause direct damage to 
the fish. In laboratory experiments, Kala- 
bina 227 found that fish could tolerate phe¬ 
nol concentrations of 4 to 15 parts per mil¬ 
lion, but they were found in water only 
when the concentration was not greater 

224 Hardtl, H., Z, Fiaoh., 92, 469 (1934); 
Waaaer u. Abtoaaaer, 39, 223 (1935). 

226 Heifer, H., Kleine Mitt. Ver. Mitglied. Ver. 
Waaaer-, Boden-, u. Lufthyg., 12, 32 (1936). 

226 MUller, A., Tech. Qemeindeblatt, 85, 148 
(1932). 

227 KaUblna, M. M., Z. Fiach., 83, 296 (1935). 


than 0.2 part per million. He pointed out 
that the effect of a waste containing phenol 
did not necessarily depend on the phenol 
alone but also on other compounds, such 
as naphthalene, cyanides, and resins. 

Attention should be called to the work 
of the Water Pollution Research Board on 
the pollution from coke-oven wastes in the 
estuary of the River Tees in Great Britain, 
during 1930 and 1931. The results have 
been described by Southgate and his col- 
leagues .228 Salmon and sea-trout fisheries 
had become almost worthless, because the 
polluted water killed the young fish, or 
smolts, on their spring migration from the 
spawning grounds in the upper reaches of 
the river to the sea. The pollution was 
finally traced to cyanide in final cooler 
water from coke plants. Examination of 
dying trout showed a brightening of the 
gill color and a highly oxygenated condition 
of the blood, both characteristics of cyanide 
poisoning. Tests on trout showed that 
they were rendered helpless by immersion 
for less than an hour in a solution of potas¬ 
sium cyanide equivalent to 0.14 part per 
million of cyanide at 5® C. The toxicity of 
cyanides was greatly increased by an oxy¬ 
gen deficiency in the polluted water. Re¬ 
moval of cyanide from the polluted water 
eliminated the toxicity. The toxic effect of 
cyanide upon shrimp varied greatly with 
the species. 

The degrees of toxicity of such lar deriv¬ 
atives as benzene and naphthalene and of 
cyanides and thiocyanates to Daphnia 

228 Robertson, R., and Calvert, H. T., Dept. 
8ci. Ind. Reaearch (Brit.) Rept. for the Year 
Ended 1931, 37 pp.; ibid., 1933, 56 pp.; Tech. 
Paper 5 (1935), 171 pp. Southgate, B. A., et 
al., J. Marine Biol. Aaaoc. United Kingdom, 18, 
671-6 (1933), 20, 717-24 (1936) ; Gaa J., 202, 
216-8 (1933) ; Qaa World, 08. No. 2544, Coking 
Sect. 56-9 (1933) ; Biochem. J., 26, 273 (1932), 
27, 983 (1933) ; Yearbook, Coke Oven Managers* 
Aaaoc., 1084, 203-13. Tiipholme, C. H. S., Ind. 
Eng. Chem., Newa Ed., 11, 211 (1933). 
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were determined by Kazachkov 229 In mix¬ 
tures of these substances the toxic effect 
was additive. 

A very good still waste, according to 
Ott,®*° has been shown to poison fish up 
to a dilution of 1 to 200. Hodge and 
Herndon*®^ foimd that the dephenolized 
still wastes from two American plants did 
not injure fish life on dilution 1 part to 100 
with river water. A review of the harmful 
effect of ammoniacal liquors on fish was 
made by Brender a Brandis and Kee- 

man.2®2 

In order to determine the physiological 
action of phenol-contaminated waters, rats 
were given only phenol solutions to drink 
by Heller and Pursell.®®® In concentrations 
up to 0.1 per cent, no unfavorable action 
was noted. 

Disappearance of Phenol in Water. Phe¬ 
nol in natural water slowly disappears. 
The decrease in the phenol content has 
been noted by a number of investigators. 
As a result of experiments on goldfish in 
water containing small amounts of phenol, 
Bach 284 reported that, in the absence of 
sludge deposits, still or slowly moving water 
has a greater self-purifying power than 
swiftly flowing water. When present in a 
concentration of 10 parts per million, the 
phenol disappeared at the rate of 0.7 part 
I)er million per day. 

Muller 28 R showed that the disappearance 

‘229 Kazachkov, L. I., Hyg. serv. aanit., 2, No. 
9 -10, 18 (1937); Bull. off. int. hyg. pull., 30, 
1875 (1938) ; Chem. Aha., 33, 4859 (1939). 

2 ao Ott, B., Oaa- u. Waaaerfach, 67, 140-1 
(1924). 

231 Hodge, W. W., and Herndon, L. K., West 
Va. Univ. Eng. Expt. 8ta., Tech. Bull. 6, 48-61 
(1932) ; J. Am. Water Worha Aaaoc., 35, 1827 
(1933). 

232 Brender ft. Brandis, G. A., and Keeman, 
W., Het Oaa, 54, 2-13 (1934). 

283 Heller, V. A., and PurseU, L., J. Pharma^ 
col., 03, 99-107 (1938). 

284 Bach, H., Oeaundh.-Ing., 52, 796 (1929). 

2 SS Mtiller, A., 3’eaA. Gemeindehlatt, 85, 148 

(1982). 


of phenol from water depended on bacterial 
action in the presence of oxygen. Phenol 
in a sterile solution was not decomposed. 
In water covered with a layer of paraflSn, 
phenol disappeared until the oxygen in the 
water was exhausted, when the reaction 
ceased. The use of phenol as a foodstuff 
by the bacteria was shown by the increase 
in the bacterial count during decomposition 
of the phenol in water. The addition of 
nutrient material to the water increased 
bacterial development but slowed down 
phenol decomposition, thus indicating that, 
as long as a more easily utilizable source of 
carbon was at their disposal, the bacteria 
did not attack the phenol. 

Mischonsniky 23« found that 10 parts per 
million of phenol in the water of an aqua¬ 
rium containing soil and plants as well as 
fish was decomposed at the rate of 3 to 5 
parts per million per 24 hours with a re¬ 
duction in the oxygen content of the water. 
He concluded that small quantities of phe¬ 
nol facilitate chemical reactions which give 
rise to a positive catalysis, and thus acceler¬ 
ate the decomposition and oxidation of 
organic matter. 

In a study of the appearance of chloro- 
phenol tastes and odors in water supplies 
of the Ohio River cities, Streeter 23 t showed 
that the concentration of the phenolic tastes 
tended to become reduced in passing down¬ 
stream to a greater extent than could be 
accounted for by dilution or by any other 
wholly physical influence. The times when 
phenol pollution reached points far down¬ 
stream coincided with shortened times of 
flow and relatively low stream tempera¬ 
tures, both of which conditions tend to 
reduce the natural purification effects in 
streams. Streeter advanced the theory 

286 Misclionsniky, S., Hme. Congr. chim. ind., 
Paria, October, 1984, 11 pp. Chimie d induatrie, 
.32, 89 (1984). 

237 Streeter, H. W., Am. J. Pub. Health, 19, 
929-84 (1929). 
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that a natural process of biochemical oxi¬ 
dation takes place in the stream. The les¬ 
son derived from this theory was that the 
important sources of frequent phenol pol¬ 
lution of a water supply were likely to be 
found in the near vicinity, though occa¬ 
sional pollution may have a more distant 
source. 

An investigation made by Kalabina and 
Rogowskaya on phenol in pure solutions 
and in gasworks waste waters showed that 
the decomposition was a biochemical reac¬ 
tion, which was dependent on the tempera¬ 
ture, aeration, the development of bacteria 
and other aerobic micro-organisms, and the 
presence of nitrogenous and mineral nutri¬ 
tive material for these micro-organisms. 
Phenol decomposed more rapidly in pure 
solutions than in gasworks waste liquors. 
In solutions containing up to 2 grams per 
liter, the phenol might serve as a source of 
carbon for certain bacteria. In open jars, 
the rate of decomposition of phenol was 
occasionally as high as 100 parts per mil¬ 
lion per liter per day and averaged 57 
parts per million per liter per day. 

Addition of 10 percent of sewage to 
water containing phenol increased the rate 
of decomi)osition of the phenol but did not 
affect the final result.^^o In running water, 
the rate of decomposition of phenol in¬ 
creased wdth the rate of flow. In experi¬ 
ments on the disappearance of phenol in 
the Kalmius and Gruskaja Rivers, it was 
found that traces of phenol decomposed 
very slowly and remained in water much 
longer than larger amounts. 

The investigations of the River Water 
Investigation Board at Magdeburg con¬ 
firmed the biological oxidation of phenol in 

238 Kalabina, M. M., and Rogowskaya, C., Z. 
Fisch., 82. 153-70 (1934) ; Chem.-Ztg., 58, 38 
(1934) ; Wagaer u. Abwaaaer, 32, 124-5 (1934) ; 
Chem. Aba., 28, 4208 (1934). 

289 Kalabina, M. M., Z. Fiach., 88, 295 (1935). 


river water.^^o The decomposition pro¬ 
ceeded more rapidly in warm than in cold 
weather and was delayed when large quan¬ 
tities of phenol (about 130 parts per mil¬ 
lion) were present. 

The conclusion that the disappearance of 
l)henol in streams is due to a biochemical 
action is supported by the work of the in¬ 
vestigators quoted. The apparent contra¬ 
dictions in some of their results would pos¬ 
sibly be reconciled were the phenol concen¬ 
tration, strain of bacteria, degree of aera¬ 
tion, and the like, the same. 

DISCHARGE OF LIQUORS INTO THE GROUND 

Disposal of ammoniacal liquors or wastes 
by discharge into the ground is seldom pos¬ 
sible except in very small carbonizing oper¬ 
ations. Discharge into an opening, such as 
a disused well, is dangerous, because the 
ultimate fate of the liquor is unknown. It 
may be gradually dissipated and purified as 
it seeps through the soil. On the other 
hand, it may find its way into some water¬ 
bearing strata or percolate unchanged 
through the layers of soil to drain into a 
stream. In such a case, the pollution would 
probably not appear immediately, but when 
it did, deposits of the material in the con¬ 
taminated soil would cause the trouble to 
persist over a period of time.*'*^ The dis¬ 
posal of phenolic waste liquor at Buffalo, 
N. Y., by pumping into drilled wells which 
penetrated a salt stratum has been reported 
by Devendorf.-^^ 

Disposal of ammoniacal liquor by sprin¬ 
kling over the surface of land is less open 
to the danger of contaminating water. 
When sprinkled on land, the ammoniacal 
liquor, instead of the limed still waste, is 
used, so that advantage can be taken of 

240 Nolte, E., Deut. Landeakultur-Ztg., 7, 14 
(1938) ; Chem. Aba., 33, 4717 (1939). 

241 Chapter 7 of ref. 11. 

242 Devendorf, A., Contract Record d Eng. 
Rev., 44, 500 (1930). 
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the fertilizing action of the ammonia. The 
liquor is diluted by the moisture in the soil, 
and the loss of ammonia by evaporation is 
relatively small. Biological oxidation usu¬ 
ally sets in and rapidly destroys the organic 
matter, including the tar acids. The dis¬ 
charge of final cooler water of a Belgian 
coking operation onto made-up ground has 
been described.-^® Analyses showed that 
the water had been thoroughly purified by 
the time it reached the Meuse River. 

Sen-Gupta found that phenols and 
cresols were rapidly attacked in soils. The 
disappearance was probably brought about 
by several agencies, of which one, probably 
chemical or physicochemical, acted instan¬ 
taneously. A slower decomposition was 
largely brought about by micro-organisms. 
The evidence tended to support the hy- 
jxithesis that the various tyjies of phenol 
destniction were due fundamentally to one 
agent, manganese dioxide. 

The effect of the liquor on plant life is 
discussed under use of amrnoniacal liquor 
as a fertilizer. 

EVAPORATION OF LIQUORS 

If the liquor cannot be regularly dis¬ 
charged into a body of water, even after 
purification, it must ultimately be evapo¬ 
rated. The requirements for a successful 
evaporation process are three: (1) a 

cheap source of heal must be available; 
(2) the gases produced must not pollute 
the atmosiihere or attack the plant appa¬ 
ratus; and (8) the residue must be in a 
form which can easily be disposed of. 

The following methods for evaporation 
have been used or suggested: (1) use of the 
liquor for quenching the incandescent coke 
from the ovens or retorts; (2) jiroduction 
of water gas in producers or water-gas sets; 

243 Anon., Colliery Guardian, 141, 1125 (1930). 

244 Sen-Giii)ta, N. N., J. Agric. 8ci„ 11, 130-58 
(1921), 15, 497-515 (1926). 
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and (3) evaporation by chimney gases. 
When liquor is evaporated, the salts are 
recovered, either in the solid form, or as a 
concentrated solution. The solids from 
still waste ordinarily are of no value and 
must be discarded in some way. 

Coke Quenching. Use of ammonia still 
waste for quenching incandescent coke 
from the ovens is the most common method 
for evaporation. Gluud and Jacobson 2 *® 
indicated that, in quenching a ton of coke, 
110 to 120 gallons of water would be evap¬ 
orated, equivalent to 80-90 gallons of water 
per ton of coal charged. This volume is 
much greater than the volume of still waste 
produced in a semi-direct sulfate plant and 
represents a large proportion of the waste 
ordinarily produced in an indirect-type 
plant. 

The objections which have been raised to 
use of waste iKpior for coke quenching are 
as follows: (1) the quality of the coke is 
affected; (2) the rate of corrosion of plant 
steel work is increased; and (3) the quench¬ 
ing fumes contaminate the atmosphere and 
adjacent ground. 

The experience at Clairton, the largest 
coke plant in the world, was described b''^ 
Marquard.240 In quenching, approximately 
400 gallons of water per ton of coal was 
sprayed onto the incandescent coke, of 
which approximately 20 percent was evap¬ 
orated. The loss of water was replaced by 
the addition of several phenol-bearing plant 
wastes, including the waste from the am¬ 
monia stills. The calcium chloride from 
the waste liquor built up in the quenching 
water to about 2.5 percent. A considerable 
amount of this concentrated liquor became 
mechanically entrained in the current of 
steam and was distributed as a spray over 

245 See p. 403 of ref. 2. 

246 Marquard, F. F., Am. J. Pub. Health, 18^ 
1497-1500 (1928). Bundesen, H.*N., Water 
Works, 07, 240-0 (1928). 
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a wide area. All steel work about the 
plant was subjected to an abnormal rusting 
action from this entrained calcium chloride 
or from the hydrochloric acid produced by 
contact with the incandescent coke. Large 
settling basins for the separation of coke 
dust from the waste liquor from the coke 
quenching, and a mixing tank for adding 
make-up water, were required. Redesign 
of quenching water pumps to reduce abra¬ 
sion was necessary. Coke produced by liq¬ 
uor quenching has a pronounced odor which 
interferes with its use as a domestic fuel. 
The moisture content is increased by reason 
of the calcium chloride concentration. In 
addition, the lime may discolor the coke. 

Waring stated that the life of coke- 
plant steel work, variously estimated at 7 
to 10 years when using clean water for 
quenching, was cut to 2 to 4 years when 
using phenolic wastes. 

Priiss^^® found that the phenol carried 
off from the quenching tower in the spray 
and steam was deposited on neighboring 
ground, which it damaged, and from which 
it reached the rivers. In addition to im¬ 
parting a phenolic odor to the coke, use of 
the still waste destroyed the color. In a 
case cited by Tibbetts,^^® use of the strong¬ 
est portion of the gas liquor for coke 
quenching did not stop pollution, and a 
plant for concentration of the liquor was 
erected. 

Tests were made by Marson and Bris¬ 
coe on the use of diluted ammoniacal 
liquor for quenching metallurgical coke. 

247 Waring, F. H., Am. J. Pub. Health, 19, 
758-70, 817-22, 920-34 (1929). 

248 Pra88, M., Kleine Mitt. Mitglied. Ver. 
Waaaer-, Boden-, u. Lufthyg., 5, 278 (1929). 

249 Tibbetts, C., Dept. Bd. Ind. Reeearch 
(Brit.) Water Pollution Beeearch, Summary 
Current Lit., 9. 40 (1036). 

250 Marson, C. B., and Briscoe, H. V. A., Go* 
World, 94. ^ 0 . 2439, Coking Sect., 55-7 (1931) ; 
Fuel, 11. 152-3 (1932). 


Neither the appearance, shatter test, com¬ 
bustibility, nor sulfur content of the coke 
was affected, and the authors concluded 
that harm to coke for metallurgical, do¬ 
mestic, or water gas use by this treatment 
was unlikely. The experience of coke-oven 
operators with ammoniacal liquor, as re¬ 
ported to the authors, indicated that the 
odors produced on quenching were no 
worse than when water was used, since the 
ammonia and hydrogen sulfide appeared to 
have been destroyed on the hot coke. 
About 330 gallons of liquor per ton of 
coke was used for quenching, of which 
about 155 gallons was evaporated. Anal¬ 
yses of the ammoniacal liquor, quenching 
liquor, and drainings from the quenching 
car will be found in Table XXIX. 

With up to 10 percent still waste in the 
quenching water, Kapper^®^ stated that 
the appearance of the coke was not harmed 
but that unpleasant odors might develop 
in storage. Coke used for water filters 
must be quenched with fresh water alone. 
He considered the use of undiluted waste 
liquor for quenching dangerous to workers. 

In order to avoid tar acid odors on coke, 
Sperr recommended the use of still 
waste for a preliminary quenching, fol¬ 
lowed by use of fresh water. Still pro¬ 
posed a three-stage quenching, fresh water, 
followed by still waste, and, finally, fresh 
water. The following proportions were 
suggested per ton of coal: first quench, 
24 gallons of fresh water; second, 36 gal¬ 
lons of waste; and, finally, 36 gallons of 
fresh water. About 75 gallons from waste 
and water would be evaporated. 

251 Kapper, Zentr. Oerwerbehyg. UnfallverhUt., 

28. 160 (1936) ; Dept. 8ci. Ind. Research 

(Brit.), Water Pollution Research, Summary 
Current Lit., 9, 427 (1936). 

252 Sperp, F. W., Jr., U. S. Pat. 1,973,913 
(1934). 

258 Still, C., G.m.b.H., Ger. Pat. 629,869 

(1936). 
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TABLE XXIX 


Analyses of Ammoniacal Liquor and Quenching Waters 



Ammonia Liquor 

Diluted Liquor 

Drainings from 


from Scrubbers 

for Quenching 

Quenching Car 


grams per liter 

grams per liter 

grams per liter 

Free ammonia 

19.1 

3.64 

1.19 

Fixed ammonia 

2.1 

0.92 

1.16 

Total ammonia 

21.2 

4.56 

2.35 

Sulfate as H 2 SO 4 

0.27 

0.48 

0.61 

Sulfide as H 2 S 

3.94 

0.36 

0.01 

Thiocyanate as HCNS 

0.94 

0.52 

0.51 

Sulfite as H 2 SO 3 

0.12 

0.05 

0.03 

Thiosulfate as H 2 S 2 O 3 

1.0 

0.72 

0.73 

Total sulfur as S 

4.88 

1.12 

0.87 

Cyanides as HCN 

0.60 

0.07 

0.08 

Chloride as HCl 

2.32 

1.21 

1.41 

Phenols as CeHsOH 

0.82 

0.27 

0.18 

Carbon dioxide 

12.22 

2.68 

0.83 

Total iron as Fe203 

0.02 

0.03 

0.03 


parts per million 

parts per million 

parts per million 

Oxygen absorption 

7,460 

1,750 

1,180 


Evaporation in Producers or Water-Gas the producers would prove expensive and 
Sets. Ammoniacal liquor has been evapo- might interfere with normal operation, 

rated in producers by using it to replace A number of patents cover the use of 
the water for cooling the grates or by ammoniacal liquors or wastes for the pro¬ 
spraying it into the producer for produc- duction of water gas, including those of 

tion of water gas. Steere and Breisig.^®*"^ The liquor was evap- 

In one plant,spent liquor was distrib- orated and the vapors introduced into th#> 
uted over the bars of a step grate producer, generator of the set. 
its rate of addition being regulated so that Other investigators 2 ®® have described the 
the ash i)an remained just dry. Working disposal of vapors from the ammonia still 

in this way, it was found that 16 gallons by passing them through a bed of glowing 

of liquor per ton of coal carbonized in the coke. A gas high in hydrogen but prac- 

retorts was evaporated in the producer, tically free from ammonia was produced. 

No unpleasant smell developed in the retort Evaporation of Liquor by Flue Gases. 
house, and no corrosion occurred in the Several processes for the concentration or 
producer, but a certain amount of atten- evaporation of ammoniacal liquor or still 
tion was required. With more trouble, the waste by flue gases have been proposed, 

ammoniacal liquor could be treated in the When the liquor is so evaporated, the vola- 

same way. Disposal of larger quantities in 255 steere, F. w., u. s. Pat. 1,762,037 (loso). 

Breisig, A., Austrian Pat. 128,024 (1931) ; Pr. 

264 Cobb, J. W., and Key, A., Goa J., 196, No. Pat. 702,017 (1930). 

3571 Suppl., 14-6 (1931) ; Goa World, 95, 422-4, 256 Schuster, P., Gaa- u. Waaaerfach, 74, 318-9 

466-9, 497 (1981). Botley, C. P., et al., Trana. (1931). Stief, P., 80, 467 (1937); Ger. 

Inat. Gaa Bngra., 80, 201-23 (1930) ; Gaa World, Put. 641,267 (1987). Hamburger Oaswerke 

93, 694 (1980) ; Gaa J., 192, 730-8 (1930) ; G.m.b.H., Ger. Pat. 641,267 (1937). Thau, A., 
Inat. Gaa Bngra., Oommun. 21, 12-80 (1930). Gaa Titnca, 14, No. 171, 30-3 (1988). 
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tile compounds are carried off by the gases. 
In still waste, the amount of volatile mat¬ 
ter will be negligible, but when ammoniacal 
liquor is evaporated, free ammonia and 
acidic gases will be vaporized. Key in¬ 
dicated, however, that free ammonia and 
hydrogen sulfide react with the sulfur diox¬ 
ide in the flue gases to produce solid sub¬ 
stances. 

The amount of liquor which can be evap¬ 
orated will depend on the following fac¬ 
tors: 

1 . The temperature of the flue gases. 
Gases from a waste heat boiler will be at 
a comparatively low temperature. 

2. The dew point of the gas from the 
top of the stack. The gases must not be 
cooled below this temperature; otherwise 
the condensate formed may attack the 
steel or brickwork from which the stack is 
built. 

3. The stack draft. The flue gases must 
not be cooled too low to give the required 
pull, or else a fan must be provided. 

Introduction of the liquor as a spray 
into the base of the stack is not recom¬ 
mended, because there is danger that the 
liquor will attack the brickwork and de¬ 
posits of solid salts will be difficult to re- 
move.2®’’ 

Cooper patented an evaporator con¬ 
sisting of a series of trays, so fitted into 
the base of the chimney that their removal 
for cleaning was not difficult. The trays 
had ample surface to extract heat from .the 
gases without greatly impeding their flow. 

Whitcher described an apparatus 
which consisted of a series of stepped, in¬ 
clined planes located in horizontal flues. 

257 See pp. 60-1 of ref. 11. 

268 Cooper, C., Henehaw, D. M., and W. C. 
Holmes & Co., Brit. Pat. 384.388 (1933). 

259 Haywards Heath District Gas Co. and 
Whitcher, A. E., Brit. Pats. 407,374 (1934), 
430,630 (1935). 


The chimney gases swept through the flues 
against the flow of liquor, which was 
sprayed onto the uppermost planes. 

Evaporation of Liquors in Boilers. 
Evaporation of ammoniacal liquors in 
boilers has been suggested. According to 
Bailey,the accumulation of tar and dis¬ 
solved compounds in the liquors necessi¬ 
tated blowing-down the boilers more fre¬ 
quently. Volatile impurities in the steam 
might also lead to corrosion of brass and 
other fittings. 

Ammoniacal liquor was passed down a 
stripping column, in which the ammonia 
and more volatile compounds were distilled 
off with steam, according to patents of 
W. C. Holmes and Company.^®^ The 
liquor was collected and evaporated in a 
boiler. Part of the steam produced by evap¬ 
oration was used in the stripping column. 
The balance was available for steaming 
producers or retorts. 

Special Methods for Evaporation of 
Liquor. Ammoniacal liquors have been 
evaporated in siiecially constructed evap¬ 
orators. In one plant, the preheated liquor 
was regulated to fall in drops onto a steam- 
heated cylinder.-®- The resulting concen¬ 
trated liquor was mixed with fuel and 
burned. The vapors were conducted into 
the boiler flues. 

Marquard-®® passed ammoniacal liquor 
down a baffle tower against an upward cur¬ 
rent of hot gas. The liquor was recircu¬ 
lated until concentrated to the desired 
strength. 

260 Bailey, T. L., Go« J., 150, 213-4 (1922). 

261 W. C. Holmes and Co., Cooper, C., and 
Henslmw, D. M., Brit. Pats. 392,553, 392,560 
(1933), 407,801 (1934). 

262 Report on Purification and Disposal of 
Oas Liquors {West Riding of Yorkshire Rivers 
Board) {19SG). See also Chapter 7 of ref. 11. 

263 Marquard, F. F., U. S. Pat. 1,455,299 
(1923). Marquard, F. F., and Littler, C. W., 
U. S. Pat. 1,491,486 (1924). 
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PURIFICATION OP AMMONIACAL LIQUORS IN ficatioR, whether by land filtration, contact 


SEWAGE PLANTS 

The action of bacteria has been utilized 
to break down the organic compounds in 
ammAiiacal liquors or still wastes to sim¬ 
pler substances which can be disposed of 
by discharge into streams with less diffi¬ 
culty. In several cities of the United 
States, liquors from coking operations and 
gas plants have been combined with ordi¬ 
nary domestic sewage and purified in sew¬ 
age-disposal works. Purification with sew¬ 
age has become the most common method 
for eliminating gasworks wastes in Great 
Britain, and bacterial purification processes 
have been employed in other parts of 
Europe. 

Bacteria may be classified roughly into 
two types, aerobic and anaerobic, depend¬ 
ing on whether oxygen is or is not neces¬ 
sary for their life and action. Domestic 
sewage contains in itself the necessary bac¬ 
teria for its purification; and sewage puri- 

TABLE 


beds, sprinkling filters, or activated-sludge 
processes, is mainly the outcome of the ac¬ 
tivities of the bacteria, especially the aero¬ 
bic class, on the organic matter present. 
Bacterial oxidation takes an appreciable 
time, and any increase in the concentration 
of the oxidizable organic matter tends to 
decrease the throughput of the plant. 

Effect of Ammoniacal Liquors on &ew~ 
age. The high oxygen requirements of am¬ 
moniacal liquors and waste liquors are 
therefore important factors in the treat¬ 
ment of such liquors by biological processes. 
The B.O.I). and the oxygen-consumed tests 
for assessing these requirements have al¬ 
ready been described. 

Mohlman published analyses which 
showed the effects produced on the charac¬ 
teristic properties of Chicago sewage by 
addition of small percentages of still waste. 
To a settled sewage of average strength, 

264 Mohlman, F. W., Am . J . Pub . Health , 10, 
145-5G (l{)li9). 

XXX 


Analysis of Sewage Plus Ammonia Still Waste 2®* 



Raw 


Sewage plus Waste Liquor 


Waste 


Sewage 

0.5% 

1% 

2% 

3% 

Liquor 

Nitrogen, total, ppm 

18.6 

19.4 

21.0 

23.4 

25.8 


organic, ppm 

3.4 

4.2 

5.6 

7.8 

9.8 


as NH 3 , ppm 

15.2 

15.2 

15.4 

15.6 

16.0 


B.O.D., 5-day, ppm 

no 

136 

165 

200 

247 


10-day, ppm 

120 

170 

210 

225 

310-h 


Suspended solids, ppm 

total, ppm 

74 

82 

87 

108 

136 


volatile, ppm 

58 

64 

54 

72 

108 


fixed, ppm 

16 

18 

33 

36 

28 


Oxygen consumed 

(KMn 04 test), ppm 

25.0 

58.8 

125.0 

181.0 

234.0 


Alkalinity as 

CaCOs, ppm 

320 

322 

324 

328 

332 


Phenol (calculated), ppm 

0.02 

14.5 

28.9 

67.8 

86.7 

2,886 

Total solids, ppm 

1,134 

1,152 

1,196 

1,222 

1,290 

pH 

7.4 

7.5 

7.5 

7.5 

7.6 


Bacteria count, agar, 48 hr 

343,000 

380,000 

880,000 

880,000 

289,000 
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containing no industrial wastes, was added 
a typical still waste from a high-tempera- 
ture coking operation, Table XXX. 

Analyses of similar wastes have been re¬ 
ported by Key .2®® In Table XXXI are 

TABLE XXXI 

Composition op Sewage and Sewage Plus 
Still Waste 

Sewage+0.4 Percent 
Sewage Limed Still Waste 
parts per million 


Ammoniacal nitrogen 

30 

30 

Albuminoid nitrogen 

10 

10 

Suspended solids 

350 

350 

Chlorides, as HCl 

150 

171 

Alkalinity as CaCOs 

Oxygen consumed, KMnO* 

500 

610 

test 

100 

138 

diohromate test 

300 

325 

Biological oxygen demand 

500 

520 

Phenols 


10 

Thiosulfate 


3 

Thiocyanate 


5 


shown analyses of a representative sewage, 
before and after the addition of 0.4 percent 
of the limed still waste from a vertical re¬ 
tort plant. 

The deleterious effect exerted on the oxy¬ 
gen-consumed value of the sewage by the 
addition of gas-plant liquors may be cal¬ 
culated approximately if the oxygen-con¬ 
sumed values for the sewage and the liquor, 
respectively, are known. By such calcula¬ 
tions, Parker^®® has shown the effects of 
adding small proportions of two still wastes 
to a t 3 rpical sewage, one the waste from 
horizontal retorts with an assumed oxygen 
consumption of 4,000, the other waste from 
continuous verticals with an assumed oxy¬ 
gen consumption of 7,500, Table XXXII. 

The tables show that by the addition of 
1 or 2 percent of gas liquor to domestic 
sewage the oxygen consumption may be in¬ 
creased by several hundred percent. In 
view of this important increase in the oxy- 

205 Chapter 6 of ref. 11. 

206 Parker, A., Gas 170, 172-5 (1927). 


gen consumption, it is not surprising that 
an ammoniacal liquor has often been re¬ 
garded as a very objectionable constituent 
of sewage. 

The oxygen-consumed test, howeveil can¬ 
not be relied on for assessing the effect of 
additions of such liquors on sewage. Po¬ 
tassium permanganate attacks only a small 
proportion of the oxidizable matter in sew¬ 
age, whereas it oxidizes the greater portion 
of that in gas-plant liquors.*®® 

Although the biological oxygen demand 
test is to be preferred for materials under¬ 
going biological oxidation, it is not, itself, a 
good measure of the effect of liquors on 
sewage oxidation processes. One reason for 
the difference is that such processes go 
much nearer to completion than the 
B.O.D. test. Another is that preferential 
breeding of bacteria and other organisms 
occurs in the beds and sludges that are em¬ 
ployed in sewage-disposal processes, and 
the improved types act more efficiently. 
These differences demonstrate that the ef¬ 
fect of still waste or ammoniacal liquor on 
sewage cannot be evaluated by analysis 
alone but should be measured by actual 
trial under representative conditions.*®® 

Principal Types of Sewage-Treatment 
Processes. Bacterial processes for sewage 
treatment vary widely, depending on such 
factors as the strength of the sewage and 
the volume of the stream into which the 
final effluent is discharged. Typical proc¬ 
esses described by Buswell *®^ will be briefly 
reviewed here. The first steps in general 
are screening to remove larger solid bodies, 
and settling in grit chambers to remove 
sand and gravel. 

The sewage then enters settling tanks 
which are designed for removal of all re¬ 
maining settleable solids. Many types of 

207 Buswell, A. M., The Chemistry of Water 
and Sewage Treatment, Chemical Catalog Co., 
New York, 1928, 862 pp. 
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TABLE XXXII 

Oxygen Consumption of Mixtures of Sewage and Still Wastes from Horizontal and 
Continuous Vertical Retorts 


No addition 

1 percent of horizontal retort liquor added 

2 percent of horizontal retort liquor added 

1 percent of vertical retort liquor added 

2 percent of vertical retort liquor added 

settling tanks are used. In some, the 
sludge is drawn off, either periodically or 
continuously, to separate tanks for diges¬ 
tion. Other types, septic tanks, are built 
with sufficient capacity to allow the ac¬ 
cumulation and digestion of the sludge un¬ 
der anaerobic conditions. Such sludge is 
not removed until digestion is complete. 

The disturbing effect of the gaseous prod¬ 
ucts from sludge digestion in septic tanks 
on the sedimentation has been avoided by 
use of two-story tanks, of which the Im- 
hoff tank is an example. The sewage en¬ 
ters the upper chamber, and the sludge 
settles through slots at the bottom into the 
lower digestion chamber. The slots are so 
arranged as to baffle the gases produced in 
the digestion chamber and prevent their 
entering the upper chamber. Digested 
sludge alone is removed from the lower 
chamber, and settled effluent leaves the 
upper. 

The liquid effluent from the settling tank 
carries 65 percent or more of the putresci- 
blc matter of the sewage. This organic 
matter is largely in colloidal form, although 
a portion is in solution, and some still in 
suspension. If further purification is nec¬ 
essary before discharge from the plant, the 
effluent is subjected to the action of bac¬ 
teria in suitable bacterial beds or tanks. 


Domestic Sewage 

Strong 

Medium 

Weak 


Oxygen Consumed 



parts per million 


150 

100 

50 

189 

139 

89 

227 

178 

129 

224 

174 

124 

297 

248 

199 


In bacterial beds, or filters, as they are 
often called, purification takes place by 
contact of the effluent with the bacterial 
or mold growths which accumulate on the 
surface of the material with which the bed 
is filled. This may be gravel, crushed rock 
or slag, clinker, coke, or sand. The mate¬ 
rial is usually screened to a uniform size, 
which may vary from that of sand up to 
2 or 3 inches or larger. The finer material 
furnishes more surface per cubic foot but 
becomes clogged more readily and requires 
more care. 

The principal types of filters are trickling 
or sprinkling filters, contact beds, and in¬ 
termittent sand filters. As the name im¬ 
plies, the liquor to a sprinkling filter is dis¬ 
tributed over the surface of the bed and 
trickles down in contact with the jellylike 
growths. Two views of trickling filters 
are shown in Fig. 8. Contact beds are 
flooded from the bottom with the sewage 
and then drained after a period of contact. 
Intermittent sand filters operate much like 
sprinkling filters. 

Bacterial purification in tanks utilizes 
what is known as the activated-sludge 
process. The clear effluent from sedimen¬ 
tation is mixed with a small proportion of 
activated sludge from previously treated 
sewage and run into aeration tanks. The 
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sludge consists of floes of bacterial growth should be efficiently separated from the 

which, in contact with the organic matter liquor by filtration through beds of coke 

under aerobic conditions, utilize a portion or other suitable material before admixture 

in growth and oxidize part to carbon diox- with the sewage since the tar carries large 

ide and nitrate. After the necessary aera- quantities of phenol and higher tar acids, 

tion period, the liquor passes to a sedimen- which are extracted by the sewage, and 

tation tank where sludge settles out, and since, in addition, the deposition of tarry 

the clear liquor is discharged. Activated- matter on the bacterial beds, or other puri- 



Pio 9 Activated-sludge tanks for sewage treatment. (Courtesy of Sewage Works Engineering.) 


sludge tanks are shown in operation in fication media, impairs their efficiency; (2) 
Fig. 9. the liquor should be cooled—110° F is a 

Ammoniacal liquor and still waste have satisfactory temperature at which to ad- 

been treated in admixture with sewage by mix the liquor with the sewage; (3) the 

all these processes. Comprehensive inves- ratio of still waste to dry weather flow of 

tigations of the treatment of liquors from sewage should remain relatively constant 

coke and gas plants in sewage-disposal throughout the 24 hours (a storage tank of 

works have been made by the Institution suitable size will serve to even out irregu- 

of Gas Engineers over a number of years, larities in operation); and (4) the dis¬ 
and the results of their work have been re- charge of still waste from the plant should 

ported periodically by members of their be positively controlled by an orifice or 

Liquor Effluents and Ammonia Subcom- series of orifices at constant head rather 

mittee. As summarized by Key, 2 ®® the fol- than by an adjustable valve, 

lowing requirements are essential to any Given these conditions, the difficulty of 
successful treatment: (1) entrained tar treating sewage containing waste liquor de- 

268 Chapter 5 of ref. 11 . pends more than anything else, according 
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to Key,*®® on the proportion of liquor in 
the sewage. Hurley *®® also emphasized the 
importance of tar and oil separation, and 
proper regulation of the liquor flow. 

In British practice, the amount of waste 
gas liquor usually varies between 0.2 and 
0.6 percent of the amount of sewage, with 
an average proportion of 0.4 percent. 
Where ammoniacal liquor is discharged di¬ 
rectly to the sewer, the average proportion 
is 0.3 percent.*®® 

Effect of Liquors on Settling of Sewage. 
The investigations of the Institution of Gas 
Engineers have included studies of the ef¬ 
fects produced on the various sewage-puri¬ 
fication processes by the addition of gas¬ 
works liquors. No deleterious effect has 
been noted on the settling of crude sew¬ 
age.*!® 

Purification of Liquor on Sprinkling Fil¬ 
ters with Sewage. Still waste in admixture 
with sewage has been purified successfully 
on bacteria beds. The pioneer work with 
this process was done by Frankland and 
Silvester *^^ on a plant scale at Oldbury in 
1907. The addition of waste liquor in the 
proportion of 9 percent of the sewage flow 
retarded the action of the bacteria b\it did 
not kill them. This proportion of waste 
could be satisfactorily purified by provid¬ 
ing larger area of beds, giving triple con¬ 
tact, and permitting only a diminished flow 
of sewage onto the beds. The effluents 
from the beds were nonputrefactive and 
supported fish life. They were almost in¬ 
variably free from thiocyanate. 

In the same year, Radcliffe*^* reported 
that bacteria in the beds were destroyed 

269 Hurley, J., Sewage Purif., 1, 168-300 
(1939). 

270 Key, A., et al., In$t. Oas Engre., Commun. 
102 (1934), 62 pp.; Trane. Inst. Gas Engrs., 84, 
215 (1934-6) ; Gas World, 101, 449, 614-17 
(1936) ; Oas J., 208, 864-6, 620-8 (1984). 

271 Frankland, P. F., and Silvester, H., J. 8oo. 
Ghent. Ind., 20, 281-7 (1907). 

272 Radcliffe, J., Surveyor, 80, 406 (1907). 


when the proportion of spent liquor in the 
sewage reached 3 percent. The toxic ac¬ 
tion was ascribed partly to thiocyanate. 
Addition of 1 percent of the waste liquor 
did not appear to retard bacterial action. 

Laboratory tests made at the University 
of Illinois were described by Lenzing *^® in 
1917. Gas-house wastes containing 0.2 to 
0.43 gram per liter of phenol, when added 
to sewage in the proportion of 10 and even 
15 percent, had no influence on the bio¬ 
chemical oxidation and had no inhibiting 
effect on the number of bacteria. 

The results obtained with gas liquors in 
trickling filters, which hawe been published 
in the reports of the Liquor Effluents and 
Ammonia Subcommittee of the Institution 
of Gas Engineers,*^® have been summarized 
by Key. The response of sewage to treat¬ 
ment was not altered by any change 
brought about by gasworks liquors. Phe¬ 
nol and catechol added to sewage were oxi¬ 
dized easily by any bacterial bed dealing 
with normal sewage. Thiocyanate was 
dealt with successfully only by sewage- 
purification media that had become accli¬ 
matized to the presence of this substance; 
ammonium sulfate and carbon dioxide were 
the products of the oxidation. Usually, 
oxidation of the constituents of gasworks 
liquors proceeded to a certain point, then 
almost stopped, leaving what may be called 
an oxygen absorption residue. This residue 

278 lienzing, C. W., Univ. Illinois, Bull. 15, 
Water Survey Series No. 14, 169-74 (1917). 

274 Chapter 6 of ref. 11. Key, A., Surveyor, 
81, 335-7 (1932) ; Munic. Eng., 89, 301 (1932) ; 
Gas J., 198, 83-4 (1982) ; Gas World, 96, 387 
(1932) ; Inst. Oas Engrs., Commun. 77 (1933), 
66 pp., 102 (1934), 52 pp., 128 (1935), 66 pp.; 
Oas World, 99, 425-7, 466-95 (1933), 101, 
449, 614-7 (1934), 103, 889-90, 423-4, 439-40 
(1935) ; Oas J., 204, No. 3676 Suppl., 4-5; 506- 
10, 882-3 (1933), 208, 864-6, 520-3 (1934), 
212, 476-82 (1935) ; J. Roy. Sanit. Inst., 66, 
484-501 (1986). Key, A., and Etheridge, W., 
Surveyor, 86, 29-30, 67 (1934). Happold, F. C., 
and Key, A., Biochvm. J., 81, 1323-9 (1937). 
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remained almost constant, even after pro¬ 
longed treatment. It originated in tar- 
soluble bodies, other than phenols and cate¬ 
chol, although it might contain thiocyanate, 
and was greater for vertical- than for hori¬ 
zontal-retort liquor. Sulfide and thiosulfate 
were easily oxidized, although the maxi¬ 
mum concentration tolerated was smaller 
than for phenol and thiocyanates. 

If fixed ammonia was retained in the 
liquor, it might or might not be completely 
oxidized in the filters. With incomplete 
oxidation of ammonia, an increase in the 
B.O.D. might be observed, but the in¬ 
creased oxygen demand will occur mainly 
in the later stages of the B.O.D. test. 
These results indicated that higher tar 
acids, thiocyanate, and fixed ammonium 
salts should be kept as low as possible. 
Since thiocyanate was oxidized on the bac¬ 
terial beds to ammonium sulfate, there is a 
double reason for keeping the concentra¬ 
tion of this compound to a minimum. 

The behavior of ammoniacal liquor on 
bacterial beds in admixture with sewage, 
the Institution of Gas Engineers has re¬ 
ported, will be similar to still waste, with 
two exceptions: (1) the quantity of nitrite 
in the effluent might be much larger than 
normal and, since nitrite is attacked by 
permanganate, the oxygen consumption 
might be correspondingly increased; and 
(2) owing to the relatively high ammonia 
content of the liquor, not all the ammonia 
might be oxidized on the beds, which would 
increase the B.O.D. of the effluent corre¬ 
spondingly. Ammoniacal liquor in sewage 
added to the work required of a bacterial 

276 Chapter 6 of ref. 11. See also Inat. Oaa 
Engra,, Commun. 102 (1934), 52 pp.; Trana. 
Inat. Gas Engra., 84, 215 (1934-5) ; Gaa J., 208, 
354-6, 620-3 (1934) ; Gaa World, 101, 449, 
014-17 (1935). Key, A., and Etheridge, W., 
Inat. Sewage PuHf. {Engl.), 1986, Pt. II, 278- 
300; Surveyor, 00, 603-6 (1936); Munio. Eng, 
Sanit. Rec., 08. 606 (1936). Engineering, 14, 
682 (1936). 


bed system to a much greater degree than 
a corresponding amount of spent liqtior. 

The results on the performance of bio¬ 
logical filters, which have been reported by 
a number of other investigators, will be 
briefly described. In general, the addition 
of less than 1 percent gas liquor to sewage 
has not exerted a deleterious effect on bac¬ 
terial filters. At Motherwell, raw gasworks 
liquor after filtration and dilution was dis¬ 
charged into the sewers. The diluted raw 
liquor had an oxygen absorption of 3,600 
parts per million and contained about 3 
grams per liter of ammonia. According to 
McDonald,^^® this ammonia acted as an 
antiseptic on the filters, and the liquor was 
probably insufficiently diluted with sewage. 
Gas liquor containing both ammonia and 
hydrogen sulfide, when admixed with sew¬ 
age to concentrations of approximately 0.3 
percent, was satisfactorily purified at Bux¬ 
ton. In the opinion of Oliver,any ap¬ 
preciable increase above this limit would 
have necessitated a preliminary purifica¬ 
tion of the liquor. 

Scott considered that 0.35 percent of 
spent gas liquor in sewage was very seri¬ 
ous. At Bury, this proportion of spent 
liquor, which had an oxygen demand of 
0,310 parts per million, led to a rapid de¬ 
terioration in quality of the effluent from 
the plant followed by a gradual partial re¬ 
covery. A later addition of gas liquor to 
the sewage caused the percolating beds to 
lose most of their bacterial growth. 

Wossnessensky and Aron^^o found that 
effluents from brown-coal carbonization 

276 McDonald, A., Gaa J., 263, 623-7 (1988) ; 
Gaa World, 99, 246 (1^88). 

2 h Oliver, F., Surveyor, 85, 65-6 (1934) ; 
Munic. Eng., 93, 108 (1984). 

278 Scott, W., Surveyor, 85, 327, 388 (1934); 
Munic. Eng., 93, 816 (1934). 

279 WosRiiessensky, D., and Aron, S., Zhur. 
Prikl. Khim. Leningrad, 7, 926 (1934) ; Dept. 
Sci. Ind. Reaearch (Brit), Water Pollution Re- 
acarch. Summary Current Lit, 8, 213 (1985). 



AMMONIACAL LIQUOR 


1432 

could be purified on contact beds. By 
slowly accustoming the filters to the mix¬ 
ture, concentrations of 70 parts per million 
of phenol could be eliminated. The experi¬ 
ence of Wishart 2 ®® with phenols was simi¬ 
lar. They were readily oxidized, once the 
plant was accustomed to them. Ammo¬ 
nium compounds, he considered, were the 
only constituents of gas liquor really bene¬ 
ficial to sewage treatment, because they 
supplied the nitrifying bacteria with easily 
assimilable nitrogen. Sulfides might cause 
trouble, unless the sewage was maintained 
alkaline. 

Ott,28i on the other hand, considered 
ammonia and phenol the most toxic sub¬ 
stances in waste liquor but reported that 
ammonia below 1 part per million was not 
harmful. 

In experimental work on the purification 
of sewage containing gas liquor in trickling 
filters. Garner and Wishart found the 
filters to have an optimum efficiency when 
treating concentrations of gas liquor be¬ 
tween 0.5 and 1 percent. Within this 
range, the filters would handle the mixture 
at a uniform rate of 70 gallons per cubic 
yard per 24 hours, with a reduction in 
phenol content of 60 to 70 percent. More 
than 1 percent of gas liquor was definitely 
harmful to the process of purification. 
Part of the ammonia compounds from the 
liquor were nitrified during the biological 
filtration. Slater discussed his experi¬ 
ence with gas liquor in city sewage. Half 
a percent seriously interfered with the op¬ 
eration of the plant. After the admission 
of the liquor to the sewage was controlled 

280 Wishart, .T. M., Surveyor, 87, 309 (1935). 

281 Ott, E., Schweiz. Ver. Oaa- u. Waeeetfiich. 
Monats-Bull., 16, 45 (1936) ; Brennatoff-Chem., 
17. 189 (1936). 

282 Garner, J. H., and Wishart, J. M., West 
Riding of Yorkshire Rivers Board Rept. 174 
(1936), 26 pp. 

288 Slater, J., Surveyor, 81, 199 (1032) ; 

Munic. Eng., 86, 98 (1932). 


and the mixture subjected to a sand filtra¬ 
tion, the liquor was purified successfully. 
Mohlman^s^ dosed experimental sand fil¬ 
ters with a still waste-sewage mixture in¬ 
termittently at the rate of 100,000 gallons 
per acre per 24 hours. He found that phe¬ 
nol concentrations up to 25 to 35 parts per 
million did not cause serious interference 
with the biology of intermittent sand fil¬ 
tration. 

In connection with his survey of the 
River Tees, Southgate 2 ®® found that 0.13 
part per million of phenol did not interfere 
with the biological oxidation of sewage, and 
was itself oxidized. p-Cresol was appar¬ 
ently more readily oxidized than phenol. 
The rates of oxidation of tar acids were 
increased by increasing concentrations of 
sewage. Cyanides in concentrations of 
0.001 to 0.01 part per million partly inhib¬ 
ited the biological oxidation of sewage, al¬ 
though the number of bacteria capable of 
growing in agar at 20® C was greater in 
sewage containing 0.01 part per million of 
CN than in sewage alone. 

Effect of Liquors on Activated Sludge. 
Positive results on the purification of am- 
moniacal liquors and wastes with activated 
sludge have also been obtained. Uglow 
found that activated sludge from house¬ 
hold waste had an outstanding specializing 
action for the destruction of such aromatic 
compounds as phenol. Concentrations as 
high as 1,800 parts per million could be de¬ 
stroyed, but cresol and 7 >-naphthol were 
less easily attacked. The destructive ac¬ 
tion could be increased by gentle aeration. 

Heiduschka and Gobel investigated 

284 Mohlman, F. W., Am. J. Puh. Health, 19, 
146-56 (1929). 

285 Southgate, B. A., Chemistry A Industry, 
52, 1-4T (1933). 

286 Uglow, W. A., Z. Hyg. Jnfektionskrankh., 
Ill, 511-30 (1930) ; Chem. Ahs., 25, 758 (1931). 

287 HeiduRchka, A., and Gobel, J., Chem.-Ztg., 
56, 589-90 (1932). 
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the action of phenols on a mixture consist¬ 
ing of a freshly aerated activated sludge 
and a nutrient solution containing urea, 
ammonium phosphate, and calcium and 
magnesium chlorides. With additions of 
phenol and p-cresol, a decrease in the bac¬ 
terial number first occurred at concentra¬ 
tions of 8.2 and 4.0 grams per liter, respec¬ 
tively. 

The work of the Institution of Gas En¬ 
gineers on activated sludge has also been 
summarized by Key,^^^ Two important 
differences between the purification of sew¬ 
age in a bacterial bed and with activated 
sludge were found: 

1. The purifying organisms in a bacterial 
bed were segregated to a certain extent, 
those at the top being in perpetual contact 
with and adapted to the crude sewage, and 
those lower down continually dealing with 
partially purified material. In activated 
sludge, on the other hand, the organisms 
dealt with the sewage at all stages of oxi¬ 
dation. The bacteria of activated sludge 
might thus be more sensitive to constitu¬ 
ents of the liquor than those in the bac¬ 
terial beds. 

2. In many cases, with activated sludge 
it was not necessary to oxidize the ammo¬ 
nia in order to obtain an effluent which 
met the usual requirements. If it were not 
for the slight toxic effect exerted by the 
compounds in the ammoniacal liquor on the 
bacteria in the activated sludge, an ammo¬ 
niacal liquor could probably be treated 
with activated sludge as easily as a spent 
liquor. 

The order of oxidizability of the com¬ 
pounds in the liquors was the same with 
activated sludge as in bacterial beds. Gen¬ 
erally, an average dose of spent liquor 
could be treated by activated sludge. A 
slight delay, which might occur in the first 
stages of the treatment, disappeared as the 
liquor was purified. Ammoniacal liquor 


had a greater retarding effect initially, a 
greater final effect on the oxygen absorp¬ 
tion, and an appreciable effect on the 
B.O.D. 

The tests of Copeland at Milwaukee, 
Wis., indicated that the activated-sludge 
process would remove the taste of phe¬ 
nolic compounds from sewage containing 
as much as 2 percent of the ammonia 
liquors originating in coke and gas plants. 
The number of bacteria in the sludge was 
increased, but the quality of the sludge was 
not injured. 

From his studies on the biological purifi¬ 
cation of ammonia still waste, Mohlman 
concluded that the activated-sludge process 
would handle 30 to 40 parts per million of 
phenol from ammonia still wastes without 
seriously impairing the quality of the ef¬ 
fluent. Phenolic destruction appeared to 
be accomplished by aerobic bacteria; anaer¬ 
obes seemed unable to decomjwse phenols 
unless a very long period of contact was 
permitted. Reinoculation, using 10 per¬ 
cent inoculum of a previous sludge, accel¬ 
erated oxidation and reduced the time of 
treatment by 40 percent. Phenolic wastes 
oxidized much more rapidly at higher tem¬ 
peratures. At 20° C, the phenol content 
was decreased from 2.5 to 0.1 part per mil¬ 
lion in 3.4 days, whereas at 10° C a similar 
decrease required 7.4 days. The decreased 
rate of oxidation at lower temperatures ex¬ 
plains why chlorophenol tastes are more 
prevalent in winter than in summer. 

Brown found that still waste diluted 
to 10 volumes and aerated in an activated- 
sludge system was more than 90 percent 
purified in 7 hours, as measured by the 

288 Copeland, W. R., Milwaukee Sewage Comm., 
7th Annual Rtport (1920) ; Chem. Ahs., 1«, 2002 
( 1022 ). 

289 Mohlman, F. W., Am. J. Pub. Health, 19, 
145-66 (1929). 

290 Brown, R. L., Am. Gas Assoc. Monthly, 8, 
211-14, 240, 254, 279-82, 802 (1926). 
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oxygen consumption. Phenols could not 
be detected in the effluent. 

Nolte and his colleagues discovered 
that phenolic wastes could be successfully 
treated by the activated-sludge process, 
with the addition of phosphate for nourish¬ 
ment of the bacteria. No addition of do¬ 
mestic sewage was necessary. 

Activated sludge is much more suscepti¬ 
ble to tar than are the bacterial growths 
on a trickling filter. If an ammoniacal 
liquor is to be treated in an activated- 
sludge plant, the tar particles must be effi¬ 
ciently separated.2® 2 

Effect of Liquors on Imhoff Tank Op¬ 
eration. The action of i)henolic wa.stes 
upon the sanitary sewage and sludge diges¬ 
tion in Imhoff tanks at Rochester, N. Y., 
was rfeported by Ryan and coworkers.^®® 
They added ammonia still waste to sewage 
in the proportion of 0.1 percent, without 
ill effects on the operation of the Imhoff 
tanks. The total phenol concentration in 
the mixture was 5 parts per million. The 
safe dilution for the still waste appeared to 
lie below a waste-sewage ratio of 1 to 166. 
Only a portion of the phenol was de¬ 
stroyed in the Imhoff tanks. Although no 
change in the physical characteristics was 
found, the sludge was better stabilized and 
more completely digested. Marked in¬ 
creases in the numbers of both the aerobic 
and anaerobic bacteria population were 
noted. 

Bacterial Filters for Still Wcuste. Purifi¬ 
cation of coke-plant effluents in admixture 
with sewage has led to the investigation of 

291 Nolte, B., et al., Waaser, 8, Pt. 1, 126-47 
(1934) ; Chem. Aba., 29, 4497 (1936) ; Brit. Pat. 
435,363 (1936). Nolte, E., Deut. Landeakultur- 
Ztg., 7, 14 (1938) ; Chem. Aba., 83, 4717 (1939). 

292 Hoak, R. D., private communication, 1941. 

298 Ryan, W. A., Am. J. Pub. Health, 10, 

165-0 (1929). Ryan, W. A., and Shuidman, L., 
Penna. State Coll., School Eng., Tech. Bull., 10, 
27-52 (1930). Shnldman, L., and Bowman, L. 
B., Gaa Age-Record, 01, 626-8, 634 (1928). 


similar processes designed exclusively for 
treatment of these liquors. Fowler and his 
collaborators 2®* studied the purification of 
spent gas liquors by bacterial action with¬ 
out admixture with sewage. The filters 
flow of the mixture over the beds was 100 
were first matured by treatment with sew¬ 
age and were afterwards employed in the 
treatment of spent gas liquor diluted with 
filters showed 80 percent purification of 
the diluted liquor, the purified effluent was 
water. As soon as the effluent from the 
used in place of water as the diluent. One 
volume of still wa^le was diluted with 9 
oiumes of treated effluent, and the rate of 
gallons of diluted liquor, equivalent to 10 
gallons of the original still waste, per cubic 
yard per day. The purification obtained 
was 92 to 98 percent, calculated on the oxy¬ 
gen consumption of the undiluted liquor. 

A system of this design was installed at 
the Bradford Corporation Chemical Works, 
England, about 1908. The filters were con¬ 
structed of graded clinker. The degree of 
purification obtained during the first few 
years was similar to that obtained in the 
experimental work, but, owing to the 
higher oxygen-consumed value of the still 
waste (over 7,000 parts per million), the 
dilution was 1 in 20, and the rate of flow, 
80 gallons of diluted licpior per cubic yard 
per day. It was operated for more than 
10 years but was exi)ensive in both (;aj)ital 
and operating costs. From his study of it. 
Key concluded that bacterial oxidation is 
best carried out at a sewage-disposal works, 
where a high degree of waste dilution is 
possible.-®® 

294 Fowler, G. J., Arden, B., Lockett, W. T., 
J. Soc. Chem. Ind., 80, 174-9 (1911) ; Proc. 
Roy. Soc. {London), 83B, 149-56 (1911). 

Fowler, G. J., and Holton, A. L., J. Soc. Chem. 
Ind., 30. 180-1 (1911). Fowler, G. J., and 
Shepard, S. W., ibid., 30. 181-4 (1911). 

296 Sop pp. 77-8 of rof. 11. MonkhouHO, A. C., 
Caa J., 170, 103-4 (1927), 182, 1016-8 (1928). 
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In their experimental work, Fowler, Ar¬ 
den, and Lockett succeeded in isolating 
special organisms which oxidized phenol. 
Horowitz-Wlassowa 2 ®® took issue with 
Fowler and later investigators in regard to 
the importance of bacteria for the destruc¬ 
tion of phenol on bacterial filters. In his 
opinion, phenol exerts a toxic action on 
bacteria, and the purification is really a 
physical-chemical oxidation by the oxygen 
in the air which is admitted to the beds. 
The bacteria, B. helvolum, isolated by 
Fowler, he stated, were an ordinary water 
type without marked biochemical action. 

Wilson conducted experiments on mix¬ 
tures of sewage and still waste. The filter 
was fed with crude domestic sewage for a 
few weeks, then for a week or so with sew¬ 
age containing about 8 percent gas liquor, 
at the end of the period reverting to do¬ 
mestic sewage. The rate of filtration was 
slow, 15 gallons per cubic yard of filtering 
material per 8-hour day. At this rate the 
oxygen-consumed value was reduced by 90 
to 95 percent and the thiocyanate by 95 
percent. The results, in general, showed 
tlnit, so long as the rate of flow did not ex¬ 
ceed this amount, sudden changes in com- 
])osition of the influent did not materially 
disturb the operation of the filter. 

Lowe and Ely described biological fil¬ 
ters in which animal charcoal was used. 
The charcoal, in addition to forming a sup¬ 
port for the bacteria, also took up free am¬ 
monia, tar oils, and phenols. The charcoal 
could be heated to drive off ammonia. 

Brown prepared bacterial beds by 

206 Uorowitz-Wlassowa, L., Gaa- u. Waaser- 
Jach, 73. 275-8 (1930). Bach, H., and Horo¬ 
witz-Wlassowa, L., ibid., 73, 711 (1930). 

207 Wilson, H. M., J. Roy. San. Inst., 33. 522 
(1912) ; J. Oas Lighting, 110, 388-9 (1912) ; 
Chew. Trade J., 51, 135-6 (1912). Hooper, II. 
It., Munic. Eng. Sanit. Record, 8, 90-1 (1928). 

208 Lowe, F. R., and Ely, B., Brit. Pat. 19,074 
(1910). 

209 Brown, E. L., Brit. Pat. 161,970 (1921); 


mixing peat or other humus material with 
coke and inoculating with aerobic bacteria 
from sewage sludge. Still waste was di¬ 
luted with previously purified effluent until 
it represented 10 to 15 percent of the mix¬ 
ture and was passed through the bed at the 
rate of 10 to 20 gallons of crude still waste 
per cubic yard of filter contents per 24 
hours. A phenol concentration of 100 to 
200 parts per million in the mixture to the 
filters, but not in excess of 300 parts per 
million, was recommended. Best results 
were secured at temperatures of 20 to 
25® C. An experimental filter of this type 
ran successfully and continuously for a 
year, according to Leitch.®®® Similar filter 
beds of lignite have been described by 
Davis and Semenow.*®^ 

In his surveys of methods for disposal of 
still wastes, Sperr®®^ found that the bac¬ 
terial filter, although giving good results, 
required an excessive ground area, and the 
cost of installation was high. Powell®®® 
suggested that bacterial filters might be 
used for removal of the last traces of phe¬ 
nol left in the liquor after removal of the 
major portion by other processes. 

The phenol content of the waste liquo” 
from coke-oven jdants in the Emseher re¬ 
gion of Germany has been so great as to 
seriously affect the Rhine. Analyses of 
liquors were as follows: phenols, calcu- 

U. S. Pat. 1,437,894 (1922). Dieterle, B. A., 
and Somenow, S. D., U. S. Pat. 1,323,256 
(1919) ; Brit. Pat. 152,356 (1920). Hoppers Co., 
Pr. Pat. 533,922 (1922) ; Chem. d Met. Eng., 
28, 272 (1923). 

800 Leilch, R. D., TJ. S. Pub. Health Service, 
Pub. Health Repia., 40, 2021-6 (1925). 

801 Davis, H. S., and Semenow, S. D., U. S. 
Puts. 1,323,251 (1919), 1,437,401 (1922) ; Brit. 
Pat. 139,159 (1919). 

302 Sperr, P. W., Jr., Am. J. Pub. Health, 19, 
901-7 (1929). 

303 Powell, A. R., Proc. Am. Gaa Aaaoo., 1929, 
928 33; Oas Engr., 47. 32-3, 34 (1930). 

804 Bach, H., Qaa- u. Waaaerfach, 69, 912-6, 
947-51 (1926). PrOss, M., fbtd., 72, 791-801 
(1929) ; 008 J., 184, 404-7 (1929). 
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lated in parts per million as CgHsOH, 
1,300 to 2,700; thiocyanate, 90 to 260; ni¬ 
trogen in NHg and organic compounds 
(not including cyanides), 160 to 350; sul¬ 
fur in sulfates, sulfides, and organic com¬ 
pounds, 260 to 1,400; free lime, as CaO, 
400 to 900; and potassium permanganate 
for oxidizing organic matter, 10,000 to 
40,000. 

Biological methods of purification were 
studied by the Emscher Commission, and a 
bacterial filter was devised by Bach.®®^*®®® 
The Emscher filter consisted of a rectan¬ 
gular tank filled with walnut-size clinker, 
which served as a support for the organ¬ 
isms. The waste liquor was diluted with 
previously purified effluent from the bed 
and admitted at one end of the tjink. In 
its passage through the filter to the exit at 
the other end, the liquor was diverted up 
and down through the clinker by suitable 
baffles. The necessary oxygen was sup¬ 
plied by the admission of air from inlet 
pipes laid in the bottom of the tank. At 
one plant, 8 cubic feet of air per gallon of 
effluent was used. A temperature of 20 to 
25® C was recommended. Constant addi¬ 
tion of household sewage was essential, and 
the proper dilution and alkaline conditions 
had to be maintained. Up to 10 percent 

806 Bach, H., Angew. Chem., 30, 1093—8 
(1926) ; Waaser u. Oas, 20, 393 (1930) ; Wasser 
u. Ahwaaser, 27. 254 (1930) ; U. S. Pat. 1J45,- 
397 (1930) ; Ger. Pat. 426,422 (1930). 


of effluent in the feed to the beds did not 
interfere with the bacterial processes. In 
a contact time of 2 hours, practically all 
the phenol and thiocyanate were destroyed. 

Results obtained in an Emscher filter are 
shown in Table XXXIII.®®^ Such a filter 
would purify approximately 100 gallons 
per cubic yard of packing material per 24 
hours. On account of the large volumes of 
liquor to be treated, the plant cost and 
ground area required were high and the 
process did not prove economical. Bach 
stated that the cost of purifying the waste 
from lignite carbonization in the Emscher 
filters was even greater than for that from 
bituminous coal. 

Hurley®®® described experiments on the 
operation of a filter consisting of graded 
coke, mixed with matured clinker from a 
sewage filter. Crude gas liquor was diluted 
to 7 times its volume and passed through 
the bed. Large proportions of both phe¬ 
nol and thiocyanate in the liquor were 
eliminated. 

Use of Precipitants for Treatment of 
Sewage Containing Ammoniacal Liquor. 
Chemicals are added to sewage in order to 
precipitate suspended matter,®®^ and inter¬ 
est in this method of treatment is increas- 

306 Hurley, J., Contract Record Eng. Rev.y 41, 
1355, 1384 (1930). 

3 or See pp. 50-3 of ref. 11. Inet. Qae Engrs., 
Commun. 142 (1936), 87 pp.; Trans. Inst. Qaa 
Engra., 86 (1936-.37). 


TABLE XXXIII 

PuRIFirATION OF StILL WaSTE IN AN EmSCHER FiLTER 


Raw Waste 



Liquor after 

Diluted 

Purified 


Separating Lime 

Waste 

Effluent 



parts per million 


Phenols as CeHsOH 

1,300-2,100 

220-320 

15-40 

Thiocyanate as CNS^ 

100-160 

15-45 

0-6 

Permanganate demand 

11,000-38,000 

2,000-2,600 

650-850 

Biochemical oxygen demand 

>1,000 


<1,000 

Organic and sulfide sulfur 

30CM50 

50-160 

10-20 
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ing. Since ammoniacal liquors contain very sufficient to delay anaerobic action. The 


littlq suspended matter, their oxygen-ab¬ 
sorption value will be unaffected by the 
addition of precipitants. Ferric chloride 
and lime, precipitants frequently employed, 
are, however, liable to produce intense col¬ 
ors in the presence of even dilute solutions 
of ammoniacal liquors. 

The effect of lime is to increase the al¬ 
kalinity of the liquor and, in consequence, 
the rapidity of oxidation of the higher tar 
acids, the products being highly colored. 
Ferric chloride reacts with higher tar acids 
to produce colored bodies of unknown 
composition. It also reacts with sulfide, 
producing ferrous sulfide which, in the 
presence of sewage, remains in colloidal so¬ 
lution as a black material. 

Effect oj Liqvor on Development of 
Odors in Sewage. Sewage is said to be¬ 
come ^^septic’’ when it develops odors. 
This change is due to biochemical action 
out of contact with air, which results in 
the reduction of sulfur compounds in the 
sewage to hydrogen sulfide. Spent liquor 
in concentrations of 0.4 to 0.5 percent does 
not appear to affect the rate at which a 
sewage becomes septic, but ammoniacal 
liquor in excess of 0.3 percent retards it 
somewhat.'’"^ This was ascribed by Hap- 
pold and Key to a mild antiseptic action 
which is more apparent in the absence 
than in the presence of air. O’Shaugh- 
nessy^^® found that sewage samples kept 
m the laboratory remained inoffensive when 
they contained 0.5 percent gas liquor. 

Chlorine Treatment of Sewage Contain¬ 
ing Liquor. Septicity of sewage has been 
reduced in a number of cases by the appli¬ 
cation of small doses of chlorine. This ad¬ 
dition does not sterilize the sewage but is 

308 Happold, P. C., and Key, A., J. Hyg,, »2, 
573-80 (1932). 

809 O’Shaughnessy, F. R., Gas J., 188, No. 
3472 (1920) ; Ingt. Gas Engrg., Buppl., 64-70 
( 1020 ). 


Institution of Gas Engineers®®^ has found 
that the addition of gas liquor greatly in¬ 
creases the amount of chlorine required to 
effect complete sterilization of the sewage 
but exerts scarcely a measurable influence 
on the amount required for the destruction 
of hydrogen sulfide. 

Methods for Improvement in Liquor 
Production 

The principal methods for improvement 
in the production of ammonia liquor are 
as follows: (1) Reduction in the volume of 
liquor. In general, the smaller the volume 
of liquor, the more easily is it disposed of. 
This does not necessarily hold when the 
concentration of the constituents increases 
with decrease m the Volume. (2) Change 
m the byproduct-recovery process to re¬ 
duce or elimina re certain objectionable con¬ 
stituents from the liquor, the removal of 
which is otherwise difficult. (3) Treatment 
of the liquor after production for the re¬ 
moval of constituents otherwise difficult to 
eliminate. 

REDUCTION IN THE VOLUME OF AMMONIACAL 
LIQUOR 

In a coke plant utilizing the semi-direct 
sulfate-recovery process, the volume of the 
aqueous condensates from the gas can be 
reduced only by drying the coal before car¬ 
bonization. This is usually impracticable, 
and the water of constitution of the coal 
cannot be eliminated. 

In indirect process plants, 40 to 60 per¬ 
cent of the ammonia is generally removed 
in the gas cooling stages.®^® The balance 
of the ammonia must be removed in the 
ivashers. The volume of the washer liquor 
may be reduced in one of the following 
ways: (1) increase in the efficiency of the 

810 Plena, F., Oo«- u. Waggerfach, 66, 07-9 
(1023); Am. Gas J., 110, 29-32 (1028). 



AMMONIACAL LIQUOR 


1438 

ammonia scrubbers, either by means of an 
improved design or by operating them 
more efficiently and at a lower tempera¬ 
ture; or (2) replacement of fresh water by 
liquor low in free ammonia. 

The liquors condensed during the cooling 
of the gas are progressively weaker, the 
higher the temperatures at which they are 
produced. It, therefore, may be possible 
to find liquors from the first stages of con¬ 
densing the gas, which may be sufficiently 
low in free ammonia to substitute for all or 
part of the fresh water.**^^ Henshaw and 
Cooper reported that an enrichment of 
some 20 percent in the weak liquor is to be 
expected when the hot condensate from the 
condenser is used in the scrubbers. The 
condensate is free from scale-forming com¬ 
pounds, sometimes present in water, which 
would accumulate in the scrubbers. 

Liquor from which the free ammonia 
has been stripped has also been uscd.®^® 
Whatever the source, the liquor should be 
cooled to the scrubber temperature before 
use and, in regulating the addition, allow¬ 
ance should be made for any residual am¬ 
monia. Reuse of liquor in the scrubbers 
does not necessarily reduce the concentra¬ 
tion of constituents other than ammonia, 
because thiocyanate and thiosulfate will 
build up at a rate equal to that with fresh 
water.®The use of limed still waste after 
cooling would be undesirable, because of 
the deposition of calcium carbonate scale 

811 Chapter 8 of ref. 11. Boilings, H,, Trans. 
Inst. Gas Engrs., 77, 522 (1927-28). Gas Light 
and Coke Co., HollingM, H., Pexton, S., and 
Hutchison, W. K., Brit. Pat. 334,619 (1929). 

312 Henshaw, D. M., and Cooper, C., Gas J., 
280, 564-6, 669-72 (1940) ; Gas World, 112, 
306-7 (1940). 

313 Grossman, J., J. 8oc. Ohem. Ind., 2S, 411-3 
(1906). Tokin, L., J. Chem. Ind. {U.8.B.R.), 2, 
319-29 (1927) ; Ohem. Abs., 21, 3730 (1927). 
Muhlert, F., Brennstoff-Chem., 18, 360-2 (1932). 
Tran, A., Gas J., 226, 472-4 (1939). 

814 Fillunger, A., U. S. Pat. 366,769 (1906); 
Ger. Pats. 209,847, 216,633 (1906). 


in the scrubbers. Fillunger found that the 
concentration of fixed salts did not build 
up in the recirculated liquor, because they 
were decomposed by the organic bases. 

The use, in the scrubbers, of gas con¬ 
densate from which the ammonia had been 
removed by contact with a portion of the 
hot gases has been patented by Tyrer.®^® 
After removal of the free ammonia, the 
liquor was cooled and substituted for the 
wash water in the scrubbers. 

The strength of the final liquor from 
ammonia scrubbers was improved by de 
Voogd and van der Linden,®^® who dis¬ 
carded the licpior from the next to the last 
compartment to the sewer. Only 1 percent 
of the ammonia was lost in this discard. 
Such a process would not reduce the total 
effluent from the plant. 

Gas Refrigeration. By cooling gas to 
0® C, a concentrated ammonia liquor can 
be produced. An analysis of such a liquor 
in grams per liter wa»s: ®'^ total ammonia, 
0G.3; volatile ammonia, 06.0; carbon diox¬ 
ide, 129.0; sulfide as S, 4.0; and hydrogen 
cyanide, 0.3. Other data on the operation 
of two German plants in which the gas 
was cooled to 0 to — 5“ C by means of 
refrigerated ammonia liquor have also been 
rejiorted.®^® A spray of 4 to 6 jiercent 
ammonia liquor was used to cool the gas 
leaving the primary coolers. Removal of 
the ammonia was completed by washing 
with water at approximately 0° C in a sec¬ 
ond scrubber, in which a liquor containing 
2 to 3 percent of ammonia was produced. 

315 Tyrer, D., and Imperial Chemical Indus¬ 
tries, Ltd., Brit. Pat. 322,049 (1928). 

.110 De Voogd, J. G., and van der Linden, A., 
Het Gas, 57, 70-6 (1937). 

8i7Lenze, F., and Rettenmaler, A., Gas- u. 
Wasserfach, 74, 1169-72 (1931). 
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(1932). Muhlert, F., Brennstoff-Chem., 13, 
350-2 (1932). Thyssen’sche Gas- u. Wasser- 
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According to Pippig,®^® if the concentra¬ 
tion of the liquor from the first scrubber 
was boosted to 14 percent ammonia, a hard 
deposit of ammonium carbonate was formed. 
With a maximum concentration of 12 per¬ 
cent ammonia no deposit formed and 82 
percent of the ammonia in the gas was re¬ 
moved in the first scrubber. 

Use of Acids. In the scrubbing of hori¬ 
zontal-retort gas, the primary condensate 
contains a low concentration of carbon 
dioxide. If carbon dioxide from some suit¬ 
able source is added to this liquor before 
introduction into the scrubbers, its am¬ 
monia vapor pressure will be reduced.^"" 

In English practice, lead-lined acid scrub¬ 
bers have been used for recovery of the 
ammonia which would be lost when the 
water to the scrubbers was reduced. An 
ammonium sulfate liquor containing about 
4 percent free sulfuric acid was circulated 
through such a scrubber, and fresh acid 
additions were continued until the ammo¬ 
nium sulfate content had risen to about 35 
percent. The concentrated solution was 
then sent to the saturators.^-^ The acid 
scrubber should be followed by an efficient 
alkali washer. Such acid scrubbers have 
])een used for removal of all the ammonia 
from the gas after the condensers 

Partial Evaporation of Liqvor in Hy¬ 
draulic Mains. The cooling of the hot 
gases from the ovens in the standpipes and 
hydraulic mains by evaporation of a por¬ 
tion of the circulated flushing licpior has 
been described. If the additions of water 
to this cooling liquor are limited merely to 

rfiMplppig, H., (Has- u. WaBserftu'h, 77, 340-9 
(1934). 

820 Sep pp. 05 G of ref. 11. Inst. Oaa Engra , 

Commun. 19, 31 (1930) ; Trana. Inat. Gaa 

Engra., 80, 208 (1930-31). 

821 Parrish, P., Chem. Age (London), 11, 208 9 
(1924). Moon, P. G. G., Oaa J., 170, 117-22 
(1925). Bailey, T. L., ibid., 171, 385-6 (1925), 
172, 056-9 (1925). 
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replacement of the portion evaporated with 
no withdrawal, it is obvious that the con¬ 
centration of nonvolatile impurities in the 
liquor will increase, particularly the ammo¬ 
nium chloride. The concentration of chlo¬ 
rides may be held substantially constant by 
withdrawing portions of the liquor from 
circulation periodically. Such withdrawals 
can result in a much smaller volume of 
flushing liquor in which the chloride, other 
inorganic salts, and some of the organic 
matter have been concentrated. 

Becker concentrated flushing liquor in 
a closed circuit until the salts built up to 
10 i^ercent. The liquor was then limed and 
distilled with indirect steam. From the 
still, a 40 percent solution of calcium chlo¬ 
ride was obtained, which could be sprayed 
on coal and coke to allay dust. 

The objections to the closed-circuit 
flushing system are as follows: (1) The 
tar which separates m contact with the 
liquor contains a higher concentration of 
chloride.®24 This may prove objectionable 
in subsequent handling or distillation. (2) 
The condensate from the primary cooler 
has still to be disposed of: separate equip¬ 
ment is required for recovery of the free 
ammonia w^hich it carries, although liming 
of this liquor should not be necessary. 

Concentration of Liquor in Vertical Re- 
tot ts. The ammoniacal liquor from verti¬ 
cal retorts has been concentrated by using 
it for cooling the coke from the retorts. 
The liquor, preheated if possible, is pumped 
through sprays into the coke boxes. In 
cooling the coke, the liquor is heated, and 
some ammonia, volatile impurities, and 
steam pass upwards into the retort. The 
hot concentrated liquor is then sent to an 
ordinary free ammonia still, in which distil¬ 
lation IS completed. 

323 Becker, J., U. S. Pat. 1,747,616 (1930). 

324 See pp. 67-8 of ref. 11. 
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The gases from the still, including steam, 
ammonia, carbon dioxide, phenol, and other 
impurities, are introduced into the base of 
the retorts. Here the ammonia is cracked 
to produce nitrogen and hydrogen; the 
phenols are also decomposed. Some of the 
steam and carbon dioxide react with the 
coke, but the fate of the hydrogen sulfide 
has not been determined.®The spent liq¬ 
uor from the still should be smaller in vol¬ 
ume than usual and contain less phenol. 

IMPROVEMENT IN COMPOSITION OF AMMO¬ 
NIACAL LIQUOR DURING PRODUCTION 

Efforts have been made to control the 
production of ammoniacal liquors in such 
ways that solution of objectionable com¬ 
pounds will be reduced. In American prac¬ 
tice, factors other than liquor quality usu¬ 
ally control the composition, and the oper¬ 
ator’s influence proves very slight. 

Reduction in the Content of Polyhydric 
Phenols. Production of an ammoniacal 
liquor with the minimum content of poly¬ 
hydric phenols is always desirable, since 
these compounds give rise to colors and in¬ 
crease the oxygen absorption of water into 
which the liquor is discharged. Carboniza¬ 
tion in horizontal retorts results in the for¬ 
mation of liquors containing relatively 
small quantities of the higher tar acids. 
Vertical-retort liquors, on the other hand, 
often contain much higher concentrations 
of the color-producing bodies. The differ¬ 
ence is illustrated by analyses of liquors 
from the different parts of two byproduct- 
recovery systems. Table XXXIV.®-® 

Higher tar acids, in contrast to mono- 
hydric phenols, according to Key,®-^ are 
not volatile in steam; normally, therefore, 

826 See p. 69 of ref. 11. Prater, T. H., Trans. 
Inst. Gas Engrs., 81. 233 (1931-32). 

326 Bailey, T. L., Ann. Repts. Alkali, dc.. 
Works, 61, 16-21 (1925). 

827 See pp. 76-1 of ref. 11. 


TABLE XXXIV 

Oxygen Absorption of Liquors from Hori¬ 
zontal AND FROM Vertical Retorts 


Liquor from 

''fttstort 

House 

Atmospheric 

Condensers 

Scrubbers 


ppm 

ppm 

ppm 

Horicontal rotorts 

1,200 

1,500 

150 

Vortical retorts 

4,250 

2,250 

250 


they tend to condense with the tar and not 
with the liquor. If, however, tar and liq¬ 
uor condense at the same time, or if they 
are subsequently brought into intimate con¬ 
tact with each other, higher tar acids are 
transferred from tar to liquor until equi¬ 
librium is reached. In order to avoid this 
transference, it is necessary to prevent their 
contact. 

Intimate contact of liquor and tar pro¬ 
motes the extraction of oxygen-absorbing 
substances, including color-producing 
bodies, by the liquor. Bailey found 
that free ammonia favored the emulsifica¬ 
tion of liquor with tar when the two were 
shaken together; fixed salts, on the other 
hand, had a contrary effect. The effect of 
time of contact on the extraction of or¬ 
ganic matter from tar which was stored in 
contact with liquor was shown by the fol¬ 
lowing oxygen-absorption values: liquor 
stored 5 weeks in contact with tar and 
frequently agitated, 9,(XX); liquor distilled 
practically as made, 5,000; and liquor 
stored for 4 weeks with tar, 8,500 parts 
per million, respectively. 

Intimate contact betw'een tar and liquor 
in a liquor flushing system cannot be 
avoided if the liquor is circulated, accord¬ 
ing to Key.®®^ If the liquor from the con¬ 
densers is combined with the liquor circu¬ 
lated to the collecting main, the entire pro¬ 
duction of liquor will be contaminated with 
higher tar acids. Contact of tar and liquor 
in condensers and scrubbers can be reduced 
by use of efficient tar extractors on the 
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hot, crude gas before the liquor begins to 
condense. In experiments at Hinchley, 
England, the heavy tar was almost com¬ 
pletely separated from the gas with an 
electrostatic tar separator, located before 
the condensers. A marked reduction in the 
polyhydric phenol content of the liquor re¬ 
sulted; oxygen absorption decreased from 
1,400 to 1,700 to 38 parts per million. The 
concentration of monohydric phenols in¬ 
creased.®^® At another plant, a cyclone tar 
separator removed 84 percent of the heavy 
tar from the gas before the condensers. 
This resulted in a 21 percent reduction in 
the oxygen absorption of the still waste.®-® 

Reduction of Thiocyanate and ThiomU 
fate Content of Liquors. It has been shown 
that both thiosulfates and thiocyanates are 
oxidation products of ammonium sulfide. 
The extent to which both these reactions 
take place during liquor production is gov¬ 
erned by: (1) the oxygen content of 

the liquor, which in turn is controlled by 
the oxygen content of the gas or other 
atmosphere with which the liquor is in 
contact; (2) the time of contact between 
the liquor and the gas or air, since the re¬ 
actions proceed relatively slowly; (3) the 
sulfide content of the liquor; and (4) the 
cyanide content of the liquor. The oxygen 
content of the gas may be held to a mini¬ 
mum by keeping the retorts tight and by 

328 See PI), 71-2 of rof, 11. Bailey, T. L., (/as 
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95, 422^, 406-9, 497 (1931). Robertson, R., 
and (^divert, II. T., Dept. 8cL Ittd. Research 
{Brit.), Water Pollution Research, Ann. Rcpt., 
litdl, 37 pp. 

329 See pp. 72-3 of ref. 11. Key, A., Ether¬ 
idge, W., and Eastwood, A. H., Inst. Oas Engrs., 
Commun. 77 (1933), 66 pp. ; Trans. Inst. Gas 
Engrs., 83 (1933-84) ; Oas J., 204, No. 3676, 
Suppl., 4-6, 606-10, 882-3 (1933) ; Oas World, 
99. 425-7, 466-95 (1933). 
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maintaining a pressure on them. Air for 
oxide box revivification should be intro¬ 
duced into the byproduct-recovery appa¬ 
ratus at a point after the ammonia scrub- 

bers 330 

The time of contact between gas and 
liquor in ammonia scrubbers varies consid¬ 
erably; it is much greater with tower 
scrubbers than with rotary scrubbers, and 
the tower scrubbers have been found to 
yield a liquor of higher thiocyanate and 
thiosulfate content.®®** The sulfide content 
of ammoniacal liquor is controlled with 
difficulty. Key®®** stated that in semi-di- 
rect process plants with indirect-type, sec¬ 
ondary condensers, little or no sulfide is 
removed from the gas. The concentrations 
of ^liocyaiiate and thiosulfate would be low 
in liquors produced in such plants. 

Little is known about the cyanide con¬ 
tent of the gas It depends to some extent 
on the system and temperature of carboni¬ 
zation. If the cyanide is removed from the 
gas in a cyanide washer in which it is usu¬ 
ally converted into thiocyanate, subsequent 
fonnation of thiocyanate should be greatly 
diminished.®®®' 

The effect of the individual factors on 
the thiocyanate and thiosulfate concentra¬ 
tions in the liquor cannot be gauged, but 
the total effect is shown by the range in 
concentrations of thiocyanate, which has 
varied from 0.5 gram per liter under the 
best conditions to 15 grams per liter under 
the worst, according to Key.®®® 

Pickles reported that the production 
of liquors containing iihenols, thiocyanates, 
and other compounds could be obviated by 
passing the gas from the retorts through 
a sulfuric acid bath and maintaining it in 

330 Bailey, T. L., Ann. Repts. Alkali, dc.. 
Works, 61, 15-6 (1925) ; Chemistry d Industry, 
44, 835-45 (1925) ; Gas J., 182, 1016-8 (1928). 

381 Parker, A., Gas J., 170, 173-5 (1927). 

332 Pickles, L. S., Oas World, 91, 840-5 
(1929). 



AMMONIACAL LIQUOR 


an acid atmosphere until it leaves the con¬ 
densers The sulfuric acid does not attack 
the iron apparatus, owing: to the protective 
action of a him of tar Cyanide’ll and sul¬ 
fur compounds can he washed from the gas 
in an alkali washer. 

Purification of Ammoniacal Liquors 

AFTER pRODUClION 

Phenol and its homologs are the most 
objectionable compounds in ammoniacal 
liquors from coke plants, and, with the 
exception of ammonia, they are the only 
compounds which have been recovered to 
any extent on a commercial scale The 
proportion of gas liquor which is being de- 
phenolized is increasing According to 
Wiegmann,"*^'^ pnoi to World War 40 
percent of the phenols in German liquors 
were recovered. 

Processes for dephenolization are of three 
types, depending on whether the agent 
used for the extraction is a solid, a liquid, 
or a gas The solid agents include active 
carbon and bone blacks A large number 
of solvents have been proposed, of which 
benzene and crude light oil have been most 
widely used, but tricresyl phosphate and 
tar oiK have also been employed The 
gases for extraction are steam, flue gas, and 
hot air In the United States, the benzene 
extraction process and the Koppers vapor 
recirculation process hive pro\cd commer¬ 
cially successful, and ea(h is in use in a 
number of plants 

SOLVENT EXTRACTION OF PHENOL 

A solvent for the extraction of phenol 
from ammoniacal liquor should (1) be a 
good solvent for phenol, (2) be almost in¬ 
soluble m the liquor, (3) be cheap so that 
losses may be replaced at small cost,**^^ (4) 

SS3 Wiegmann, H, Qluohauf, 76, 066-71 

(1930) 

884 See p 74 of ref 11 


have a minimum tendency to emulsify with 
the liquor, (5) not decomjiose on treatment 
with sodimn hydroxide, or when distilled, 
in case the pJienoJs are separated by this 
means, and (h) preferably have a low vapor 
pressure Also its density should differ 
siifhciently from that of liquor to permit 
its separation by gravity, and jihenols 
should be easily recovered from it 
Benzene Benzene satisfactorily fills 
these requirements, and light oil or its frac¬ 
tions are the only solvents used for extrac¬ 
tion m American practice, so far as is 
known A typical arrangement of plant is 
shown m Fig 10 It consists of two series 
of extraction vessels, one for the removil 
of phenols from the liquor, the othei for 
the recovery of phenols fiom the solvent 
For solvent extraction of the liquor, two 
towers are used, through which liquor and 
benzol are continuously passed in counter- 
current flow The liquor is pumped in at 
the top of the first tower, the benzol at 
the bottom of the second The heights of 
the towers and ol adjustable seals are so 
arranged that the two liquids flow uni¬ 
formly in opposition to each other without 
further pumping Distributors for insuring 
intimate contact of solvent ind liquor are 
usudly installed in the towers They con¬ 
sist of layers of coke, spiral tile, or wooden 
hurdles 

The phenol is removed from the benzol 
by washing with two successive bitches of 
c lustic soda The caustic solution, usu dly 
20 to 30 percent sodium hydroxide, is 
charged periodically into each of the ves¬ 
sels, but the benzol solution flows continu¬ 
ously through the two containers in series 
until the caustic in the first is converted to 
sodium phenolate The spent solution is 
then replaced with fresh caustic, and the 
position of the washers is interchanged In 


33 G Shaw, J A , private communication, 1041 
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thifa way, the freshest caustic is always used 
for the final washing of the benzol solution 
In a plant at Fairmont, W Va,^^® the 
caustic consumption was approximately 15 
percent in excess of that theoretically re¬ 
quired for formation of sodium phenolate 


The efficiency of phenol removal is af¬ 
fected by the solvent used, the solvent: 
liquor ratio, the temperature of extraction, 
and the intimacy of contact m the extrac¬ 
tors The solvent used in the caustic re¬ 
covery process is usually crude light oil or 



Fig 10 Flow diagram for a dudiwioli/alioii plant using beii/ol extraction 


In some European plants, the phenol and 
benzol have been sepiiited by distillation 
The lower-boiling benzol was distilled off, 
and the phenol rennmed in the still, but 
Hoening»®7 found thit ( nistic scrubbing 
was preferable by reason of the lower cost 
for recovery md the higher quality of the 
tar acids produced 

886 Jones II B , Chem & Met nng, 35, 215-8 
(1928) 

*87 Hoeniiig, P, Z angew Chem 42, 825-31 
(1929). 


motor benzol Differences have been ob- 
ser\(d in the extriction efficiencies of these 
soh ents At the coke plant in Troy, N Y , 
crude light oil gave 3 to 5 percent better 
deiditnolizition thin did motor benzoP’'® 
WiegmamP’® recommended that a benzol 
suited to the liquor used be employed 
]n i plant in which the benzol is sepa- 

1 J 8 Williams R D, Proc Am Oaa AiBoo, 
1020, 937-40. 

339 Wlegmann, H, Oluchauf^ 64, 897-404, 
435-41, 606-6 (1928) 
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rated from the phenol by distillation, nse 
of a refined benzol fraction will avoid con¬ 
tamination of the tar acids with the higher¬ 
boiling compounds of the light oil. Hoe- 
ning recommended benzol with a distil¬ 
lation range of 85 to 120° C. 

Increase in the ratio of solvent to liquor 
increases the efficiency of dephenolization. 
The influence has been illustrated by Hoe- 
ning with the data reproduced in Table 
XXXV. When the volume of benzol is 90 

TABLE XXXV 

Effect of Benzol: Liqttor Ratio on Effi¬ 
ciency OF Dephenolization 


The improvement in dephenolization ef¬ 
ficiency with increase in temperature has 
been shown by Hoening; his data are 
reproduced in Table XXXVI. The higher 

TABLE XXXVI 

Effect of Temperature on the Efficiency 
of Dephenolization”^ 


Temperature in 
Washer 

20 

35 

50 

65 


Dephenolization 

percent 

58 

66 

72 

73 


Benzol 

percent of liquor volume 
25 
30 
35 
45 
50 


Dephenoli zation 
percent 
57 
62 
66 
74 
78 


percent of the volume of liquor, 90 percent 
dephenolization may be expected.®^® In 
the United States, still higher solvent: liq¬ 
uor ratios are commonly employed. De¬ 
phenolization efficiencies of 95 up to 99 per¬ 
cent have been recorded in plants in which 
1 to 1.2 volumes of solvent per volume of 
liquor have been circulated.^^®* In the 
distillation plants, a volume of benzol much 
smaller than that of the liquor has been 
used in order to reduce the steam consumed 
in distillation. 


840 Holton, A. L., Oaa Engr., 48, 382-5 

(1931) ; J., 104, 790-801, 834 (1931), 106, 

423 (1931), 200, 687 (1932), 204, No. 3670, 
Suppl., 4-5; 506-10, 882-3 (1933); Qa» World, 
04, 625, 735 (1931), 95, 468 (1931), 00. 425-7, 
466-95 (1933) ; Inst. Qas Engrs., Commun. 77, 
55-8 (1933). 

841 Crawford, K. M., Ind. Eng. Chem., 18, 
313-5 (1920) ; Blast Furnace d Steel Plant, 14, 
112-4, 154 (1926) ; Proc. 2nd Intern. Conf. 
Bituminous Coal, 2, 726-34 (1928). Hatch, B. 
F., Blast Furnace d Steel Plant, 17, 1797-800 
(1029). 


temperatures increase the loss of benzol by 
evaporation and the fire hazard from the 
inflammable solvent. Caustic recovery 
plants have usually been operated at ordi¬ 
nary temperatures. At Troy, N. Y.,®®® the 
temperatures were always below 100° F. 
In distillation plants, the temperatures have 
been higher. One plant used benzol equiv¬ 
alent to 30 percent of the volume of the 
liquor at 62 to 65° C and removed 75 per¬ 
cent of the phenol.®®^ Krebs recom¬ 
mended a temperature of 60° C for 
washing. 

Better distribution of solvent and liquor 
improves the contact and increases the per¬ 
centage of phenol removed. Hoening®®^ 
supplied the following data: no packing in 
extractors, 55 percent dephenolization; coke 
packing, 60 percent; 60-millimeter Ilaschig 
rings, 70 percent; 25-millimeter Raschig 
rings, 73 percent; and sieve plates, 73 per¬ 
cent. Centrifugal pumps and paddle 
mixers have also been used for ensuring 
contact of liquor and solvent. The effi- 

342 Krebs, 0., Chem.-Ztg., 57, 721-3, 743-4 
(1933). 

343 Anon., Qas World, 85, Coking Sect, 82-4 
(1926). 

844 Franke, P., Gas- u. Wasserfach, 68, 244-5 
(1926) ; Ohem.-Ztg., 49. 825 (1925). 
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ciency of dephenolization is increased by 
increasing the height of the washer.®*® 

The phenols are recovered from the 
sodium phenolate by '^springing” with an 
acid, a gas containing carbon dioxide, or an 
acid salt, such as sodium bicarbonate: 

NaOCcHfi + CO2 + H2O 

CeHsOH + NaHCOs 

NaOCeHs -h NaHCOa 

CfiHfiOH + NaaCOs 

The phenol separates as a brown oil on 
top of the solution of sodium salts. 

When sulfuric acid is used, the cost of 
the acid is a direct charge against the proc¬ 
ess, and the solution of sodium sulfate 
must be disposed of. A considerable 
amount of the phenols remains in the aque¬ 
ous sulfate layer, the i)roportion depending 
largely on the volume, the concentration 
of sodium sulfate, and the temperature. 
Dawsonrecovered phenols from the sul¬ 
fate solution by extraction with solvents. 
His experiments indicated that cresylic acid 
of relatively high boiling point could be 
used advantageously for this purpose. 

The carbon dioxide in boiler stack gas, 
the products of combustion of blast-furnace 
gas (22 to 24 percent carbon dioxide), or 
those obtained by burning coke are suitable 
for sj)ringing. The gas is bubbled for sev¬ 
eral hours'**^ through a vertical tank con¬ 
taining the sodium phenolate. The solu¬ 
tion of sodium carbonate and bicarbonate 
which is produced has been used in other 
plant processes, the Seaboard gas purifica¬ 
tion process, for instance.®*^ At Troy, N. 
Y., by using this solution, which contained 

345 Key, A., and Cobb, J. W., Oas J., IJMI, 
No. 3571, Siippl., 14-0, 409 (1931) ; Oan World, 
#5. 422-4, 466-9, 497 (1931). 

346 Dawson, H. M., J. 80 c. Chem. Ind., 39, 
151-2T (1920). 

347 See p. 655 of ref. 2. 


traces of phenols, the efficiency of hydrogen 
sulfide removal was increased as much as 
5 to 10 percent.®*^ The sodium carbonate 
has also been causticized and the caustic 
solution returned to the phenol process.®*® 
A sodium carbonate solution results when 
sodium phenolate is sprung with sodium 
bicarbonate. The bicarbonate has been 
added as a 50 percent slurry and the final 
solution diluted with water to prevent crys¬ 
tallization of salts.®®® 

Crawford®*® suggested washing the ben¬ 
zol with a solution of sodium sulfide to ex¬ 
tract the phenol: 

Na^S + CelisOH NaHS + NaOCcHg 

Hydrogen sulfide was passed into the 
sodium phenolate solution in order to 
“si)ring" the phenols. Ihe solution of so¬ 
dium bisulfide thereby produced was sepa¬ 
rated and then boiled to regenerate hydro¬ 
gen sulfide and sodium sulfide, both of 
which were returned to the process. 

Ammonium acetate-containing waters 
from the carbonization of peat were used 
by Rakovskii and Edel'shtein ®®® for the 
decomposition of sodium phenolate. Am¬ 
monia and sodium acetate were recovered. 

The phenol recovered by Crawford®*^ 
W’as a reddish brown liquid with a specific 
gravity of about 1.05. On a dry basis, it 
consisted of phenol, 57 percent; o-cresol, 
13 percent; m-cresol, 8 percent; p-cresol, 
10 percent; and higher tar acids and resi¬ 
due, 12 percent. The water content varied 
from 2 to 12 percent. At Fairmont, W. 
Va., Jones®®® recovered tar acids of the 
following composition: phenol, 54 percent; 

348 Private communication, 1931. 

349 Crawford, R. ,M., Ind. Eng. Chem., 19, 
168-9 (1927) ; Blast Furnace & Steel Plant, 14, 
400-1 (1926). 

350 Rakovskii, V. B., and Edershtein, N. G., 
Russ. Pat. 46,575 (1936) ; Chem. Abs., 33, 3568 
(1939). 
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cresols, 23 percent; water, 16 percent; and 
tarry matter, 7 percent. 

Analyses of the tar acids from three 
German plants are shown in Table 
XXXVII.*®®' The tarry matter in these 

TABLE XXXVII 

Analyses of Tar Acids from German Plants 


Plant A B 

percent percent 
Phenols 85 75 * 

Benzene 6 15 

Pyridine bases 4 4 

Tar 5 6 

Plant C M3 


percent 


TABLE XXXVIII 

Analyses Showing Preferential Extrac¬ 
tion OF Higher Tar Acids from a Liquor 

Benzol after Dephenoli- 
zation of Liquor by 



^iriginai 

1 .. 

y 

Tar Acids in 

Liquor 

75 percent 

90 percent 


percent 

percent 

percent 

Phenol 

36.91 

20.61 

30.90 

o-Cresol 

23.30 

30.24 

24.36 

tn-Cresol 

12.74 

8.51 

11.77 

p-Cresol 

17.03 

16.57 

17.67 

Higher phenols 

10.03 

11.38 

10.14 

Phenol pitch 


3.69 

6.07 


TABLE XXXIX 

Analysis of the Tar Acids in a Liquor be¬ 
fore and after Dephenolization 33’ 


Phenols, clean 55.0 

pitch 9.3 

Bases 

Neutral oils 
Water 

Other polymerized products 


64.3 

8.8 

21.9 

1.0 

4.0 


analyses also originated in the liquor and 
was extracted by the solvents. It included 
pyridine bases, neutral oils, and other or¬ 
ganic compounds. 

In a semi-scale washer, Key and Cobb 
found that 45 percent of the sulfide in the 
liquor was also removed by the benzene. 

Phenol is the most soluble in water of 
the tar acids, hence extraction with an 
organic solvent will preferentially remove 
cresols and xylenols, while the phenol will 
tend to remain in the liquor. Analyses of 
the phenols in an ammoniacal liquor and in 
the benzol for 75 and 90 percent dephenoli¬ 
zation conditions, respectively, have been 
made by Hoening,®^^ Table XXXVIII. 

The preferential extraction is illustrated 
further by an analysis of the phenols pres¬ 
ent in a liquor before and after dephenol¬ 
ization, Table XXXIX.^'^^ 

Nitrogen and sulfur compounds have 
been eliminated from tar acids by treating 


Original Dcpheiiolized 
Tar Acids in Liquor Liquor 
grams per liter 
Phenol content of liqiu)r 3.22 0.82 


Phenol 
o-C’resol 
7w-Oes()l 
p-Cresol 
Higher phenols 


percent 


33.63 

75.71 

21.80 

15.00 

9.211 


21.14 

9.29 

15.22- 



them with sulfuric acid and distilling under 
vacuum. In one case,''*'"'' 80 percent of the 
phenols which were purified by this treat¬ 
ment were recovered. They contained less 
than 0.05 percent nitrogen and sulfur. 

The quality of the tar acids has been 
improved by purifying the benzol before 
the caustic extraction. Impurities, such as 
hydrogen sulfide, were removed by wash¬ 
ing the solvent with waterThe solvent 
has also been allowed to stand until the 
hydrogen sulfide was oxidized, and the 
oxidation was accelerated by light or by 

3511 . G. Farbenindustrle A.-G., Fr. Pat. 48,444 
(1937), Addii. to Fr. Pat. 732,698; Chem. Zenir., 
109, I, 4515 (1938). 

362 Wingert, W. B., U. S. Pat. 1,927,883 
(1983). 
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means of catalysts A gas, such as coke- 
oven gas, or another solvent, has been used 
to purify the benzol in a cyclical operation: 
first, removal of the hydrogen sulfide from 
the benzol by the gas, then elimination of 
the hydrogen sulfide from the gas.®®^ The 
enriched benzol has been washed with acid, 
in order to remove pyridine bases ^42 

When the solvent is washed with caustic, 
much of the tarry matter absorbed from 
the liquor remains in the solvent and 
gradually accumulates. Excessive accumu¬ 
lations of tar in the solvent have been the 
cause of emulsion troubles.^®'^ 

Solid particles of tar in the solvent have 
been removed by thorough settling of the 
liquor or by filtration. At Manchester, a 
tower filled with coke and steel turnings 
removed 1 gallon of tar per 1,000 gallons 
of liquor.^'^*^ Filtration through other solid 
adsorbents, such as alumina, limestone, 
sawdust, or charcoal,^®® crushed flint, coke, 
or wool,®®^ has been described Tar oils 
which would dissolve in the solvent have 
been removed from the liquor by a pre¬ 
liminary wash with a small amount of 
benzol.®®® When sufficient tar accumulated 
in this benzol, it was distilled.®®® John¬ 
son®®® adsorbed soluble tars from liquor 
by passing it through activated carbon 
after a i)rcliminary filtration to remove en¬ 
trained solid particles. 

Emulsion gradually accumulates in the 
extraction vessels and benzol storage tanks. 
At both Troy, N. Y.,®®® and Fairmont, W. 

a.’is Gewerkschaft Mathias Stinnps, Ger. Pat. 
509,154 (1929). 

sr.4 Gewerkschaft Mathias Stinnes, Ger. Pat. 
517,001 (1929). 

3r.r, wleKinuini, H., Gliickauf, «8, 33-40 

(19.32). 

s-io Weindl, A., U. S. Pat. 1,571,986 (1926). 

357 Gutehoffnungshtitte Oberhausen A.-G., Brit. 
Pat. 318,173 (1928) ; Ger. Pat. 544,664 (1928). 

3r»8Koppers, H., Ger. Pat. 576,427 (1933). 

359 Johnson, Q. W., and I. Q. Farbenindustrie 
A.-G., Brit. Pat. 479,359 (1938). 


Va.,®®® the layers of emulsion were pumped 
off periodically and worked up, or dis¬ 
charged into the gas mains before the pri¬ 
mary cooler. Light oil was also withdrawn 
from circulation periodically and replaced 
with fresh material. Wiegmann and Rohl 
removed from circulation and distilled a 
small volume of the benzol at regular in¬ 
tervals. The proportion removed was 
regulated to prevent excessive accumtila- 
tion of impurities. The distillate was re¬ 
turned to the dephenolizing system. 

Benzol is lost from a dephenolizing sys¬ 
tem by solution or entrainment in the liq¬ 
uor and sodium phenolate, and by evapo¬ 
ration. The loss in the liquor at Fairmont, 
W. Va., amounted to 0.14 percent by vol¬ 
ume of the liquor at 40" C and 0.16 per¬ 
cent at 23® C.®i® In a plant in which the 
semi-direct sulfate process is used, this ben¬ 
zol is presumably va])orized in the am¬ 
monia still and returned to the gas. The 
true loss is merely the cost for recovering 
and processing in the benzol plant. 

The residual benzol has been recovered 
from deplienolized liquor by passing air, 
steam, or both under pressure through it.®®^ 
In other processes, it has been ad.sorbed by 
inean.s of activated carbon or washed 
out by means of another solvent.®®^ Hoe- 
ning®®7 has stated that extraction of the 
liquor with a lignite tar oil reduced the 
benzol content to 0.5 gram per liter. Fil¬ 
tration through activated carbon reduced 
the benzol content of the liquor to 0.1 in 
one test,®®® and 0.25 gram per liter in an- 
otlier.®"*® The benzol was recovered by 
steaming the carbon. 

.ifio Wiegmann, H., and Kohl, 0., Ger. Pat. 661,- 
338 (1929). 

.HOI Kiar- u. EntphenoluiiRH G.m.b.H., Fr. Pat. 
689,319 (1929); Brit. Pat, 341,302 (1929). 

362 Koch, E., Teer u. Bitumen, 20, 281-4 
(1926). Koppers, H., Ger. Pat. 667,896 (1928). 

aesMUller, C., Petroleum, 28, 1 (1982). 
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Loss of benzol by evaporation has been 
reduced by venting all apparatus into a 
common header provided with a seal.®^®* 

At one plant, the evaporation loss was re¬ 
duced by washing all the vapors from the 
apparatus with ammoniacal liquor in a 
tower packed with Raschig ringsBen¬ 
zol occluded in the sodium phenolate solu¬ 
tion has been removed by boiling the solu¬ 
tion prior to springing. The vapors were 
condensed and returned to the system.®®® 

Dephenolization of still waste with ben¬ 
zol is possible if the calcium phenolate is 
decomposed by acidification before extrac¬ 
tion. The process is said to be uneconomi¬ 
cal.®®® Waste sulfuric acid and acid resins 
from the benzol refining process have been 
used for acidification.®^^* ®®® 

Information on the dephenolizing plants 
in the Ohio Valley and operating results 
have been given by Waring.®®^ The ex¬ 
perience with the benzol process in the 
Ruhr in Germany has been described by 
Wiegmann.®®®’ ®®® Alkali extraction for 
recovery of the jihenol proved cheaper 
than distillation and gave a better 
yield.®®^’ ®®® The phenol removal plants in 
the Ruhr did not reduce the phenol concen¬ 
tration sufficiently to protect the water 
supplies, and Wiegmann ®®® recommended 
that they be followed by biological jmrifi- 

804 Key, A., and Etheridge, W., Insl. Gas 
Engra., Gommun. 77, (19.33), 66 pp.; Gas J., 
204. No. 3676, Suppl., 4-5, 506-10, 882-3 

(1933) ; Gas World, 09. 425-7, 466-95 (1933). 

365 Ranchig, P., Z. angew. Chem, 40, 897-8 

(1927). Weindl, A., GluckauJ, 03, 401-9 

(1927). 

366 Posseyer, E., and Abwasser n. Wassorrelnig- 
uiigs G.m.b.H., Brit. Pat. 175,285 (1922), Ger. 
Pat 431,244 (1922). 

367 Waring, F. H., Am. J. Pub. Health, 10. 
758-70, 817-22, 929-34 (1929). 

368 Wiegmann, H., Gas- u. Wasserfach, 75, 
433-6 (1932). 

869 Weindl, A., Gluckauf, 64, 498-502 (1928). 
Monkhouae, A. C., Gas J., 188, Suppl., 55-64, 66- 
70 (1929). 


cation plants to remove the last traces of 
phenol. 

Data on the distribution of phenol be¬ 
tween benzol and water, although available 
m the literature,®^® should not be applied 
directly to the mixtures encountered in 
actual practice. The data are chiefly of 
value for comparisons between solvents. 

Methods for increasing the solubility of 
the phenol in the benzene fraction, both 
the addition of other solvents and the use 
of other coal-tar fractions, have been in¬ 
vestigated. It is probable that none of the 
other solvents which have been proposed 
have been used more than to a limited 
extent. The addition of organic bases, such 
as aniline, quinoline, or pyridine, to the 
benzol has improved the efficiency of the 
phenol extraction.®^^ Ulrich has added 
the bases to the liquor itself before treat¬ 
ment with the solvent. Kazachkov®^® re¬ 
ported that 1 part of a 30 percent solution 
of heavy pyridine bases in xylene removed 
96 to 99 percent of the phenols from 5 
parts of liquor containing 4 grams per liter 
of phenols. 

Distribution coefficients for phenol and 
w-cresol between water and various sol¬ 
vents have been given by von Walther and 
Lachmann,®^® Table XL. Quinoline re¬ 
maining in the water after treatment with 
the benzol-quinoline mixture amounted to 
2.09 grams per liter; and 13.64 grams per 

370 Rothmund, V., and Wilsmorc, N. T. M., Z. 
phgsik. Chem., 40, 611-28 (1902), Philip, .1. C., 
and Bramley, A., Chem. 8oo , 107, 377-87 
(1915). Von Walther, R., and Lachmann, K., 
Bramxkohlenaroh., 31, 29-43 (1930) ; Brennstoff- 
Chem,, 12, 113 (1931). Schumann, L., Chem. 
Obsor, 0. 23-7, in English 27 (1934); Chem. 
Abs , 28, 4856 (19,34). 

371 Stinnes, Z. M., Brit. Pat. 249,111 (1925). 
Anon., Chimie et industrle, 22, 419-20 (1929). 

372 Ulrich, F., U. S. Pat. 1,795,382 (1931). 

373 Kassachkov, L. I., J. Chem. Ind. (U.8.8.R.), 
8, 720-3 (1931) ; Chem. Aba., 26, 1754 (1932) ; 
Ind. Eng. Chem., News Ed., 11, 284 (1933). 
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TABLE XL 

Distribution Coefficients for Phenol and 

m-CRESOL Between the Solvent and 
Water 

Solvent Phenol m>Creeol 

90 percent ben»ol 2.3 7 2 

80 percent bencol, 20 percent quinoline 81.0 238.5 

75 percent bencol, 25 percent aniline 4.6 . 

Solvent naphtha from lignite distillation 0.00 0.54 
Yellow oil from lignite distillation 0.32 1.20 

liter of aniline remained after the benzol- 
aniline extraction.®^^’ 

The addition of tar bases to benzol in¬ 
creased its extraction efficiency for higher 
tar acids. With a 4 : 1 mixture of benzol 
and aniline oil, a 50 percent removal of 
such tar acids as catechol was obtained, as 
compared to 8 percent with benzol alone.®^^ 

Key and coworkers found that the 
distribution coefficients for phenols between 
tar oils and water were higher than be¬ 
tween benzol and water; but, if the bases 
were removed from the tar oils, the co- 
effi'cients were the same. The recovered 
phenols could be distilled from the solvent 
if the solvent boiled above 200° C. 

The use of a solvent consisting of benzol 
plus a high-boiling fraction of the benzol 
still residue has been proposed.®^** Tar and 
high-boiling tar fractions have also been 
patented as solvents.®^^ One German plant 
was operated with a tar oil distilling be¬ 
tween 280 and 270° 0.®“*^ The fractions 
may contain their original concentration of 

374 Monkhouso, A. C., and Etheridge, W, Inst. 
Gas Engrs., Cumrnun. 21, 12-30 (1930). Botley, 
C. F., et al., Trans. Inst. Oas hJngrs., 80, 187- 
233 (1930-31) ; Oas J., 102, 730-3 (1930) ; Gas 
World, 03, 594 (1930). 

375 Key, A., Pitherldge, W., and Eastwood, A. 
II., Trans. Inst. Gas Engrs., 82. 397-462 (1932- 
3>; Inst. Gas Engrs., Comrnun. CO, (1932), 50 
PP. 

376 Otto, C.. and Co., G.ra.b.H., Ger. Pats. 
553,410, 555,157 (1928). 

877 Miller, S. P., U. S. Pats. 1,873,900-1 
(1932), 2,045,607-8 (1936). Ulrich, P., U. S. 
Pat. 1,830,726 (1931). 


tar acids.®^® The use of tar acids boiling 
from 230 to 350° C has also been recom¬ 
mended.®^* 

In laboratory experiments, Crawford®®® 
found that a light tar oil (sp. gr. 0.953 at 
30® C, tar acid content 0.6 percent) Would 
remove 93 percent of the phenols from an 
equal volume of liquor, whereas the same 
proportion of motor benzol removed only 
73 percent. Kazachkov®^® found that 60 
parts of anthracene oil removed 77 percent 
of the phenol from 100 parts of a jihenolic 
effluent. 

Benzol, benzine, trichloroethylene, and 
their mixtures have been introduced into 
the extractor as vapors The liquor was 
sprayed in, the vapor condensed, and the 
solvent-liquor mixture separated.®^^' ®®^ Tri¬ 
chloroethylene has advantages, in that it is 
noninflammable and is less soluble in the 
liquor than benzol.®^'* Numerous patents 
have been issued on the benzol dephenoli- 
zation process, in addition to those cited.®®® 
Methods for incori)orating benzol dephe- 
nolizing plants in coking operations have 
been diagrammed by Wiegmaim.®®® 

Tricresyl Phosphate. The use of triaryl, 
trialkji, and triaralkyl phosphates as sol¬ 
vents for the dephenolizatiori of ammoni- 

378 Braun, C. E., Can. Pat. 318,640 (1932); 
U. S. Pat. 1,937,941 (1933). 

379 Molinari, V., U. S. Pat. 2,073,248 (1937). 
Weindl, A., Brit. Pat. 279,465 (1926). 

380 Crawford, R. M., Ind. Eng. Ghem., 19, 
966-8 (1927). 

381 Posseyer-Mcguin A.-G., Ger. Pat. 481,738 
(1922). KlSr- u. EntphenolungK. G.m.b.II., Fr. 
Pat. 683,793 (1929). Otto, C., and Co., G.m.b.H., 
Ger. Pat. 590,476 (1934). 

382 RaRcbig, F., Brit. Put. 287,226 (1926) ; 
Fr. Pat. 636,301 (1927). Wiegmann, H., and 
ROhl, O., Ger. Pat. 550,255 (1928). Humphreys 
and Glasgow, Ltd., Fr. Pat. 684,796 (1929). 
Kuneberger, A. F., Brit. Pat. 348,100 (1929). 
Cobb, H. B., U. S. Pat. 1,943,653 (1934). Hop¬ 
pers Co., Brit. Pat. 400,162 (1934), Tiddy, W., 
U. S. Pat. 1,989,177 (1935). 

383 Wiegmann, II., Brennstoff-Ghent., 11. 285-8, 
304-6 (1930). 
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acal liquors also has been patented,*®* and 
tricresyl phosphate has been used in several 
German plants, particularly in those for 
brown-coal distillation and hydrogena¬ 
tion **® Tricresyl phosphate is a neutral 
liquid which has a specific gravity of 1.18 
at 20“ C and boils about 280-285“ C under 
10-millimeter pressure.*®* 

Comparisons of benzol and tricresyl phos¬ 
phate for extraction of phenol ***• show 
that the processes differ in the following 
respects: 

1. The absorbing capacity of the i)hos- 
phate is much higher than that of benzol. 
The partition coefficients of phenols be¬ 
tween each of the two solvents and water 
have been compared by Schonburg in a 
graph, values from which are shown in 
Table XLI. In German plants, the volume 

TABLE XLI 

Partition Coefficients for Phenols be¬ 
tween Tricresyl Phosphate and Water, 
AND Benzol and Water**" 

Partition Copffioient with 


Tar AcmI 

Tricresyl 

Phosphate 

Benzol 

Partition 

Coefficients 

Phenol 

60 

1.9 

31 

o-Cresol 

210 

13.0 

16 

p-Cresol 

190 

11.5 

17 

Phenol mixture in 
waste liquor 

88 

.5.2 

17 


of the phosphate used was 8 to 10 percent 
of the volume of liquors which contained 
3 to 5 grams per liter of phenols, when 

884 SchOnburg, C., and von der Bruok, G., 
Brit. Pat. 328,388 (1929) ; Fr. Pat. 687,275 
(1929) ; Ger. Pat. 532,291 (1929) ; U. S. Pat. 

I, 826,369 (3931). Deitors, W., Herold, P., 

Koppe, P., and Lttttge, P., U. S. Pat. 2,086,856 
(1937). 

S8B GOsmeier-Kres, B., Brennstoff-Chem., 17, 
466-70 (1986). 

888 SchOnburg, C., Brennstoff-Chem., 12, 69-71 
(1931); Gas J., 103, 643 (1931) ; Chem. Trade 

J. , 88, 274 (1931). 

887 Tupholme, C. H. S., Ind. Eng, Chem., 25, 
308-4 (1938). Lorenaen, G., Gos- u. Waaser- 
fach, 80, 926-8 (1987). 


extracted at 20-30“ C. Shorter extraction 
towers can therefore be used with the phos¬ 
phate than with benzol.*®^ 

2. Because the specific gravity of the 
phosphate is greater than that of the liq¬ 
uor, the directions of fiow of the solvent 
and liquor are the reverse of those with 
benzol. 

3. Recovery of phenols from tricresyl 
phosphate is best accomplished by distilla¬ 
tion under vacuum (absolute pressure 
about 35 millimeters of mercury).*®* By 
distillation under atmospheric pressure, 
only 77 percent of the phenols were re¬ 
moved, and tlecomposition of the solvent 
and the tarry matter, also extracted from 
the liquor, darkened the solvent and in¬ 
creased its viscosity. Extraction with caus¬ 
tic was not satisfactory, owing to the for¬ 
mation of emulsions.®®^ 

4. The quality of the tar acids from tri¬ 
cresyl phosi)hate is said to be higher than 
from benzol, because the acids are sepa¬ 
rated from the benzol by distillation.*®^ 
However they should be redissolved in 
caustic soda in order to separate neutral 
oils before being used for the production of 
pure phenol.*®® Although Schonburg*®* 
reported that tricresyl phosphate has a 
selective action and absorbs less tarry mat¬ 
ter than benzol, Lorenzen *®^ recommended 
that the liquor be freed from tar, oils, and 
solids, before extraction, and that the hy¬ 
drogen sulfide content should be low. The 
I. G. Farbenindustrie patented methods for 
keeping oily and tarry matter out of the 
tricresyl phosphate by passing both liquor 
and solvent through activated carbon.*®* 
Mond*** removed pyridine bases and tar 
oils by extracting the phenols from the 
solvent with an alkali and steaming the 
alkali solution before springing. 

388 Shaw, J. A., private communication, 1941. 

389 I. G. Farbenindustrie A.-G., Fr. Pat. 823,- 
623 (3938) ; Belg. Pat. 422,310 (1937). 

sooMond, A. L., Brit. Pat. 828,388 (1980). 
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5. The loss of tricresyl phosphate in the 
liquor has been reported by Gosmeier- 
Kres®®® to be only 0.050 to 0.080 gram 
per liter. Although this is less than the 
loss of benzol, when reckoned on the value 
of the solvent, there may be little differ¬ 
ence in cost.®®^ The loss in the liquor was 
somewhat greater than the solubility of 
tricresyl phosphate in water, which is 0.030 
gram per liter.®®® 

6. Tricresyl phosphate deteriorates with 
use and must be purified or renewed at 
intervals.®®®* ®®"* A portion of the sol¬ 
vent is withdrawn periodically and treated 
with concentrated sulfuric acid, while being 
heated with steam. The mixture is neutral¬ 
ized with lime and centrifuged to remove 
the sludge.®®® 

7. The initial cost of tricresyl phosphate 
is much greater than that of benzol. 

S. Tricjresyl phosphate is less volatile 
and less inflammable than benzol. 

Gosmeier-Kres ®®® has supplied data on 
the material requirements in a German 
plant, treating from 120,000 to 250,000 gal¬ 
lons of liquor per day: steam, 200 to 350 
pounds per 1,0(X) gallons of liquor; electric 
I)ower, 4 kilowatt-hours i)er 1,000 gallons 
of liquor; cooling water, 3,000 gallons per 
1,000 gallons of liquor; tricresyl phosphate, 
100 to 220 pounds i)er day; and labor, 72 
man-hours (3-shift operation). 

Tritolyl phosphate is similar to tricresyl 
phosphate in its high absorbing capacity 
and small losses. Because of its high den¬ 
sity, Agafoshin recommended that the 
extrajjtion should be performed in stejis. 
Extractions should be carried out at ordi¬ 
nary temperatures, because at higher tem¬ 
peratures the extracting power of the phos¬ 
phate is reduced. The tritolyl phosphate 
concentration in the dephenolized liquor 

891 Agafoshin, N. P., Vodoanahzhenie i Banit. 
Tekh., 8, No. 4, 68-73, No. 6, 82-9 (1038) ; 
Chem. Aba., 83. 9506 (1939). 
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(0.069 gram per liter) did not interfere 
with the biological purification of the 
liquor. 

The I. G. Farbenindustrie ®®® has pat¬ 
ented the extraction of ammoniacal liquors 
with organic phosphates in the presence of 
inert gases, such as waste combustion gases. 
The gases facilitated the separation of the 
emulsion-forming substances as a foam on 
top of the liquor. Foam-forming sub¬ 
stances could be added to the solvent-liquor 
mixture in order to facilitate this sepa¬ 
ration. 

A iirocess combining dephenolization 
with tricresyl phosphate followed by bac¬ 
terial purification, has also been patented 
by the 1. G. Farbenindustrie.®®® 

Other Solvents. Other solvents used for 
the extraction of phenols include petro¬ 
leum oils, such MR benzol wash oil®®^ and 
kero.sene; ®®® hydrogenated oils, including 
those produced from tar oils or the acid 
oils obtained in benzol refining; mix¬ 
tures of alcohols, insoluble in water, with 
boiling points ranging from 130 to 210“ C, 
which are olitained by hydrogenation of 
carbon monoxide; ®®^ diaryl ethers, prefe^*- 
ably (CfiHrJgO, either alone or in solu¬ 
tion with other solvents; ®®® esters of car¬ 
boxylic acids, such as ethyl or butyl ace¬ 
tate; and trichloroethylene.'*®® The 

392 I. G. FurboiiinduHtrie A.-G., Brit. Pat. 460,- 
7JO (103C). 

393 I. G. Farbenindustrie A.-G., Brit. Pal. 502,- 
193 (1939). 

394 Wiugert, W. B., U. S. Pat. 1,963,616 
(1934). 

395 Shaw, J. A., U. S. Pat. 1,832,140 (1931). 

398 Potts, H. E., et al., Brit. Pat. 460,789 

(1936). 

397 Burdick, C. L., U. S. Pat. 1,986,320 (1936). 

398 Chemisehe Fabrik von Heyden A.-Q., Brit. 
Pat. 495,163 (1938) ; Pr. Pat. 832,300 (1938). 

399 1. G. Farbenindustrie A.-G., Brit. Pat. 
520,198 (1939). 

4 ooFranke, P., Qaa- u. Waaaerfach, 88, 244-5 
(1925). 
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phenol may be recovered from many of 
these solvents by caustic extraction in the 
usual way., 

Bruns disclosed the use of hot wash 
oil from the benzol still for extraction of 
phenols from ammoniacal liquor. The en¬ 
riched solvent was cooled by direct con¬ 
tact with water, which also dissolved im¬ 
purities absorbed from the liquor. 

Kazachkov made laboratory experi¬ 
ments on the extraction of phenol from 
water by paraffin oil, kerosene, benzols, 
sunflower oil, castor oil, fish oil, and oleic 
acid. Castor oil proved the best; 1 volume 
would extract 55 percent of the phenol 
from 2 volumes of a l-gram-per-liter solu¬ 
tion, and 87 percent from 2 volumes of a 
10-gram-per-liter solution. 

401 Bruns, H., Ger. Pats. 604,337 (1926), 
516,527 (1931), 667,666 (1933). 

402 Kazachkov, L. I., J. Chem. Ind. {U.8.8.IL), 
8. 720-8 (1931) ; Chem. Abs., 26. 1754 (1932). 


DEPHENOLIZATION BY VAPORIZATION OP 
PHENOL 

Koppers Vapor Recirculation Process. 
Phenol has an appreciable vapor pressure, 
particularly at steam temperatures, and 
processes have been developed for remov¬ 
ing the phenol from ammoniacal liquor by 
vaporization, using steam, hot air,, or other 
gases. The process developed by the Kop¬ 
pers Company of Pittsburgh has been in¬ 
stalled in a number of American coke 
plants.^®®' The principle of this process 
is the continuous recirculation of a current 
of steam, first through the hot ammonia 
liquor to vaporize the phenol and then 
through a caustic soda solution to absorb 
the phenol in the steam. A flow sheet for 

403 Shaw, J. A., Brit. Pat. 299,837 (1928). 
Hutch, B. F., Ind. Eng. Chem., 21. 431-3 (1929) ; 
Blaftt Furnace d Steel Plant, 17. 1493-6 (1929). 
WilKon, P. .T., Proc. Am. Gatt A»boc., 1929, 934-6. 

404 See pp. 652-5 of ref. 2. 
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the process is shown in Fig. 11 .a plant 
consists essentially of a tower divided into 
two sections, through which steam under 
a slight pressure and at a temperature of 
around 100" C is recirculated by means of 
a blower. The upper section of the tower 
is packed with wooden hurdles or spiral 
tile, over which the liquor is sprayed. The 
phenol is removed by the current of steam 
passing countercurrent to the liquor. The 


ings, the sodium phenolate solution, which 
has drained from the shot section, is recir¬ 
culated in order to insure removal of the 
phenols from the steam.*®® 

The process can be readily adapted to 
give any degree of phenol removal that is 
reasonably required. Typical operating re¬ 
sults from a plant in Philadelphia, Pa., are 
shown in Table XLII.*®* In calculating 
the total phenol removal of Table XLII, 


TABLE XLII 


Operating Results in Koppers Process Dephknolizing Plant 


Test No. 

1 

2 

3 

4 

Weak liquor to still, gallons per hour 

2,000 

1,500 

1,500 

2,000 

Phenol in liquor to still, grams per liter 

2.75 

3.00 

2.10 

2.20 

Phenol in liquor to dephenolizer, grams per liter 

1.85 

2.60 

1.63 

1.40 

Phenol in liquor from dephenolizer, grams per liter 

0.09 

0.09 

0.09 

0.08 

Phenol in still waste, grams per liter 

Reduction in phenol concentration in free ammonia still, 

0.05 

0.06 

0.05 

0.05 

percent 

32.7 

13.3 

22.4 

36.4 

Phenol removal in dephenolizer, percent 

95.1 

96.5 

94.4 

94.2 

Total phenol removal, percent 

97.4 

97.0 

96.6 

96.8 


liquor to be dephenolized is taken from the 
base of the free ammonia still and is there¬ 
fore free from the acidic gases, carbon 
dioxide, hydrogen sulfide, and hydrogen 
cyanide. The dephenolized liquor is re¬ 
turned to the lime leg of the ammonia still 
from the base of the upper section of the 
tower. 

The steam containing the phenol leaves 
the top of the tower and is returned by 
the blower to the bottom of the lower 
section. This is packed with steel lathe 
turnings, which are wetted by shots of a 
hot 10 percent caustic soda solution. The 
whole system is insulated, and heat losses 
are very small. In some towers, one or 
two recirculation sections have been intro¬ 
duced below the shot section. Through 
these sections, also packed with steel turn- 

405 PoweU, A. B., Ohem. d Met. Eng., 88, 641-2 
(1981). 


allowance has been made for dilution of 
the liquor with condensed steam and milk- 
of-lime in the still. The figures show a 
reduction in the phenol content of the liq¬ 
uor in the free still. This is partly due to 
dilution from condensed steam but also to 
loss of phenol in the steam from the still. 
In order to recover this phenol, which rep¬ 
resents a loss to the process, Denig *®^ pat¬ 
ented the restriction of the steam and 
vapors entering the free still from the fixed 
still to that amount which was just suffi¬ 
cient to carry off the acidic gases, carbon 
dioxide, hydrogen sulfide, and hydrocyanic 
acid. When using this quantity of steam, 
substantially all the phenol remained in the 
liquor which passed on to the dephenolizer. 
The excess steam from the fixed still by- 

406 Wilson, P. J., Proo. Am. Oas Absoo., 1929, 
934-6; OoB Engr., 47, 34 (1980). 

40 T Denig, F., Brit. Pat. 408,217 (1987) ; U, S. 
Pat. 2,127,508 (1988). 
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passed the free still and went directly to 
the gas main. 

At Hamilton, Ohio,^®* the dephenolizing 
plant was operated with more than 70 per¬ 
cent of the caustic converted to sodium 
phenolate; but in daily operation, from 30 
to 50 percent of the total caustic to the 
dephenolizing tower was utilized. A higher 
conversion was not obtained because all the 
caustic required for washing the benzol in 
the agitator was first added to the dephe¬ 
nolizing tower. The sodium phenolate so¬ 
lution was then sent to the acid washer in 
the light-oil plant. The caustic thus did 
double duty, first in removing the benzol 
from the liquor, and then in the regular 
manner for benzol washing. The caustic 
converted to sodium phenolate was equally 
as good as the free caustic in the benzol 
washing operation. 

The sodium phenolate from Koppers 
process plants has been sprung in the usual 
manner with gases high in carbon dioxide. 
Since the phenols have been removed from 
the liquor and transferred to the caustic 
as a vapor, an excellent product uncon¬ 
taminated with tar and other impurities 
from the liquor is obtained. Results of the 
Koppers Company over a period of years 
show that these tar acids can be sent to 
the refining still for the production of pure 
phenol, without steaming the phenolate."*®* 

Modifications of this process and the 
apparatus have been described in a num¬ 
ber of patents.^®® Koppers**^® patented 
the recovery of some of the pyridine bases 
in the same process with the phenol. The 

408 Shaw, J. A., private communication, 1941. 

409 Koppers Co., Ger. Pats. 552,536 (1925), 
667,628 (1988) ; Fr. Pat. 667,122 (1929) ; Brit. 
Pat. 380,699 (1933). Shoeld, M., Brit. Pat. 
356,116 (1929). Sperr, P. W., and Shaw, J. A., 
U. S. Pat. 1,920,604 (1933). Bragg, G. A., 
Brit. Pat. 427,890 (1935) ; U. S. Pat. 2.056,063 
(1P86). 

410 Koppers, H., U. S. Pat 1,806,108 (1983). 


free ammonia was distilled from the liquor 
in the free still. The liquor from the base 
of this still was then dephenolized with 
recirculated steam. The pyridine vapor¬ 
ized at the same time was absorbed by 
passing the enriched steam through an acid 
scrubber. The phenol was finally ab¬ 
sorbed with caustic in the usual way. 

Heflner-^Tiddy Dephenolkation Process. 
The Heffner-Tiddy process for the de- 
phenolization of ammoniacal liquor was 
based on the formation of ammonium salts 
of the phenols during distillation. The in¬ 
ventors said that Ihesc salts are more 
readily volatile with steam than the phenols 
themselves, and are distilled off with the 
ammonia. They claimed that a large frac¬ 
tion of the phenols which are vaporized 
from the liquor in the still is condensed in 
the top ring by the cool weak liquor feed. 
The Ilelfner-Tiddy process aimed to pre¬ 
vent this condensation by admitting the 
feed at a temperature of 98“ C or higher. 
It was admitted at the top of a short scrub¬ 
ber section, which formed an extension to 
the free ammonia still. In this scrubber, 
the ammonia concentration was built up by 
addition of ammonia ascending from the 
still, in order to obtain a concentration 
equivalent to that of the phenols. Hatch 
reported that "*'- the hot gases left the 
scrubber section at approximately 110“ C 
and entered a dephlegmator, in which they 
were cooled to 105“ C. The gases from the 
dephlegmator containing the ammonia and 
phenols were returned to the gas main be¬ 
fore the saturator. The process was in¬ 
stalled at a coke plant in Midland, 

In the Heffner-Tiddy process no phenols 

411 Ilpffner, L W, and Tiddy, W., Brit Pats. 

244,774-5 (1924) ; U. S. Pats. 1,560,795-6 

(1925), 1,595,602-4 (1926). Tiddy, W., U. S. 
Pat. 1,878,979 (1932). 

412 Hatch, B. F., Blast Furnace d Steel Plant, 
18, 296-8 (1930). 
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are recovered. Powell has pointed out Other Processes. A process developed 


that, when the phenols are returned to the 
gas, the possibility of having them reap¬ 
pear at a later stage of byproduct recov¬ 
ery, in the final cooler water, for instance, 
is encountered. 

The increased volatility of phenol in the 
presence of ammonia, which is the basis of 
the process, has not been borne out by the 
experimental data available. Thus, Key 
and coworkers found that ammonia was 
6.2 times as volatile in steam as phenol, 
and that the presence of the ammonia re¬ 
tards the distillation of phenols. 

Laboratory experiments made by Bai¬ 
ley^'"' on Ihe volatilization of phenol from 
aninioniacal liquors showed that an in¬ 
crease in the proportion of ammonia had 
little, if any, effect on the rate of vaporiza¬ 
tion of phenol. The maximum amount of 
I)hcnol removed was obtained in the ab¬ 
sence of ammonia. His results are shown 
in Table XLIII. 

TABLE XLIII 

Effkct of the Presence of Ammonia on the 
Vaporization of Phenol 

Phenol Volatilized 


Gompositioii of 

(60 percent of solution 

Solution Distilled 

distilled over in each case) 

Phenol 

NHs 

Percent of Total 

grams per 

liter 


2.0 

0 

82 

2.0 

10 

78 

2.0 

20 

78 

2.0 

25 

77 

2.0 

30 

76 

2.0 

60 

78 

418 Powell, A. R., 

Proc. Am. Gas Assoc., 1020, 


928-33; Oan Engr., 47, 32-3, 34 (1930). 

414 Key, A., and Ifltheridpo, W., Inst. Qas 
Engr8., Commtin. 77 (1933), 06 pp.; Trans. Inst. 
Gas Engrs., 83, 160-71 (1933-4) ; Gas 204, 
No. 3070, Suppl., 4-5, 500-10, 882-8 (1938) ; 
Gas 'World, Oil, 425-7, 460-95 (1935). 

415 Bailey, T. L., Ann. Kept. Alkali, do.. Works, 
68, 28-9 (1927). 


by Moses and Mackey at Belle, W. Va., 
was reported to have removed 98 to 99 
percent of the phenol from a liquor con¬ 
taining 5 grams per liter of tar acids. The 
plant consisted of a stripping column con¬ 
taining 27 plates, through which exhaust 
steam was passed. The steam requirement 
ivas high; it amounted to 59 percent by 
weight of the liquor. The vapors from 
the column wore condensed and used for 
quenching coke. 

Other processes involving the vaporiza¬ 
tion of phenols from aninioniacal liquors 
have been described, jiarticularly in the 
patent literature. In 1910, Radcliff'e^^^ 
eliminated phenols and other impurities by 
acidifying the liiiuor and blowing gas 
through it. A similar process was de¬ 
scribed by Wagner,^’® who discussed, in an¬ 
other process,^^® dephenolization of liquor 
by use of reducing gases, such as hydrogen, 
carbon monoxide, or methane, in the pres¬ 
ence of copper, platinum, or other cata¬ 
lysts. Finely divided iron could then be 
employed to remove other impurities. 

Hot flue gases have been recommended 

by the I. G. Farbenindustrie for remov¬ 
ing phenols from waste liquor. Sulfur di¬ 
oxide may be added to the gases.^-^ The 
I. G. Farbenindustrie also distilled and rec¬ 
tified liquor containing phenols in a column, 
and the phenols which were separated from 
the distillate were withdrawn. If carbon 
dioxide was added to the gases, a solution 

416 Mokom, D. V., and Mackey, B. H., Chem. 
& Met. Eng., SO, 441-3 (1932) ; Ann. Gas J., 
137, No. 2, 21 (1932). 

417 KadcllfPe, J., Brit. Pat. 16,924 (1908). 

418 Wagner, F. W., U. S. Pat. 1,473,750 
(1923). 

419 Wagner, F. W., U. S. Pat. 1,428,618 (1922). 

420 I. (i. Farbenindustrie A.-G., Ger. Pat. 666,- 
504 (1938) ; Fr. Pat. 797,348 (1938). 

4211. G. Farbenindustrie A.-G., Brit. Pat. 451,- 
180 (1930). 
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of ammonium carbonate was obtained as a 

byproduct.^22 

Phenol was removed from gas liquor by 
use of flue gases and live steam in a coun¬ 
tercurrent tower packed with checker brick, 
according to Smith.^^s xhe efficiency of 
dephenolization amounted to 90 percent 
when 72,000 pounds of steam were used on 
20,000 gallons of liquor per day. A mini¬ 
mum temperature of 98® C at the top of 
the tower was necessary. 

Bailey concluded that dephenolizing 
towers using stack gases did not efficiently 
remove the tar acids from liquors, and the 
fuel consumption was high in proportion to 
the work done. Solids separated on the 
tower packing. At one plant an open 
trough, located in one of the hot flues, was 
fitted with a steam coil and perforated 
pipe for the injection of flue gases under 
controlled conditions. The dephenolizing 
efficiency of this arrangement proved low. 

Coxon^^*^ used steam plus flue gases for 
dephenolizing liquors, and introduced the 
mixture of vapors into a gas producer. 
Ammoniacal liquor was acidified with sul¬ 
furic acid and then concentrated and puri¬ 
fied by contact with hot gases from fur- 
naces.^^® Taylor concentrated the liquor 
and, in doing so, boiled off the phenols. 

Ammoniacal liquor was distilled by 
Krebs to remove ammonia and the acid 
gases; the phenols were then distilled off 
with a hot steam-air mixture. The gases 
from the second stage were washed with 
caustic to recover the phenol. 

422 I. G. ParbeninduBtrie A.-G., Ger. Pats. 670,- 
272, 675,891 (1939) ; Brit. Pat. 438,124 (1936). 

423 Smith, W. P., Gaft J., 181, 690-2 (1928). 

424 Bailey, T. L., Ann. Kept. Alkali, dc.. Works, 
63. 17-21 (1927). 

425 Coxon, T., and Imperial Chemical Indus- 
tries, Ltd., Brit. Pat. 372,801 (1932). 

420 Van Vollenhoven, C., Brit. Pat. 255,111 
(1925). 

427 Taylor, A. M., U. S. Pat. 2,056,748 (1936). 

428 KrebB, 0., Chem.-Ztg., 67, 721-3, 743-4 
(1933) 


Nevyazhskaya and coworkers recov¬ 
ered sodium phenolates from the aqueous 
liquors obtained in the gasification of peat. 
The liquor containing 6 to 18 grams per 
lit^r of phenols was treated with lime and 
then with live steam. The vapors contain¬ 
ing the phenols were passed through a bub¬ 
ble tower containing an alkali, preferably 
caustic soda. In addition to the pheno¬ 
lates, calcium acetate was a product of the 
process. 

In several processes organic vapors have 
been employed. Knapp treated ammo¬ 
niacal liquor with a vaporous absorbing 
medium, such as benzene. The vapors 
containing the phenols were condensed, 
and the phenols and pyridine bases were 
washed out of the condensate with caustic 
and acid, respectively. The benzene was 
distilled. 

The phenols have been recovered from 
the distillation-process gases by washing’ 
them with solvents, such as gasoline, ben¬ 
zene, paraffin, naphtha, and creosote.**®^ 
The Standard Oil Company removed 
phenols from steam by washing with a hy¬ 
drocarbon at 110® C. 

A distillation process has been patented 
by Gruhl,^®® which works unlike the proc¬ 
esses just described. The phenol was rec¬ 
tified from the current of vapors in a con¬ 
densing column and was retained in the 
still kettle. He claimed that the tarry 
liquor could be thus concentrated until the 

420 Nevyazhskaya, L. M., Vasilyuk, K. L., Niko¬ 
laev, P. N., Chirkov, P. P., and Federov, L. K., 
Khim. Tverdogo Topliva, 8, 286-94 (1937) ; 
Chem. Abs., 32, 1429 (1938). 

430 Knapp, W. R., U. S. Pat. 1,878,927 (1932). 

481 Shadbolt, S. M., and Chemical En^rineerlng 
and Wilton’s Patent Furnace Co., Ltd., Brit. Pat. 
276,393 (1926). Easchig, F., G.m.b.H., Fr. Pat. 
698,390 (1930) ; Ger. Pat. 645,413 (1933). 

432 standard Oil Development Co., Fr. Pat. 
806,109 (1936). 

488 Gruhl, P., Brit. Pat. 345,679 (1930); Fr. 
Pat. 696,837 (1930). 
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water content of the residues amounted to 
only 10 percent. 

Caustic soda has been added to ammo- 
niacal liquor and still waste, in order to fix 
the phenols. The liquors have then been 
evaporated to produce concentrated sodium 
phenolate solutions.^^* 

Activated-Carbon Dephenolization 

Activated carbon will adsorb phenols 
from ammoniacal liquor. A process has 
been patented by the Carbo-Norit-Union 
Verwaltungs-Gesellschaft,^^® and s^^veral in¬ 
stallations have been made in Germany.^*® 
The process functions continuously and 
consists of four main operations: (1) re¬ 
moval of suspended matter from the liq¬ 
uor; (2) extraction of the phenol m the 
active carbon adsorbers; (3) extraction of 
the phenol from the carbon by solution in 
benzol; and (4) separation of benzol from 
phenols by distillation. 

Efficient removal of the suspended tarry 
matter from the liquor, prior to dephenoli¬ 
zation, is essential. Any tarry matter car¬ 
ried into the adsorbers will be largely de- 
Iiosited in the pores of the carbon and will 
eventually reduce the efficiency of adsorp¬ 
tion. At the German Langendreer 
jilarit, the liquor was first passed into the 
base of two tar absorbers in parallel. The 
conical bottoms of these vessels were filled 
\Mth a layer of tar, above which 8 feet of 
steel turnings was supported between per¬ 
forated plates. The liquor, after passage 
through the two purifying vessels, was fur¬ 
ther cleaned by filtration through a layer 
of coke in a third vessel. These treatments 

434 Bruii8, H., Ger. Pats. 481,306 (1925), 

510.056 (1930). Schmidt, H., Gcr. Pat. 541,148 
(1929). 

4 If) (’urbo-Norit Union Vcrwnltunffs-G.m.b.n., 
Ger Pats., 534,204 (1928), 540,054, 543,014-5, 
545,160 (1929), 579,643, 594,949 (1932). Mack- 
ert. A.. U. S. Pat. 1,866,417 (1932). 

436 Anon., Ind. Chemist., 6, 327 (1930). Sierp, 
P., Oas- u. Wasserfaoh, 76, 105-9 (1933). 
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reduced the tar content of the liquor, whiclt 
entered the plant containing 0.8 to 1.5 
down to 0.02 to 0.03 gram per liter. 

The liquor, after removal of the tar, was 
preheated to 60 to 65“ C and admitted to 
one of the three adsorbers. Each of these 
vessels was filled with active carbon of 
about 1.5- to 2-millimeter size. Passage of 
the liquor through the carbon was con¬ 
tinued until the “break pointfor the phe¬ 
nol was reached, when the liquor was 
switched to a fresh adsorber. Over 99 per¬ 
cent of the phenol was removed from the 
liquor, and the final phenol content was 
reduced to 0.05 to 0.1 gram per liter.^®® 
The carbon would absorb phenols up to 5 
to 10 percent of its weight 

The phenol was then extracted from the 
carbon in the first adsorber by slowly 
washing with benzol at a temperature of 
60 to 65“ C. A volume of benzol equal to 
approximately 8 percent of the volume of 
the liquor was required. The phenol con¬ 
tent of the benzol from the adsorber aver¬ 
aged 1 to 1.5 percent. The benzol-phenol 
solution was passed through a separator to 
remove entrained liquor and discharged 
into a column still. When extraction of 
the carbon was completed, the benzol was 
drained from the adsorber and the residual 
benzol on the adsorbent vaporized with 
steam. After cooling, the adsorber was 
ready to dephenolize more liquor. 

In the still, the benzol was distilled from 
the phenol, condensed, and returned to 
benzol storage for further use. Several 
analyses of the crude phenols produced 
have been reported by Sierp and are shown 
in Table XLIV.**®® The process was so ar¬ 
ranged that one adsorber was always run¬ 
ning on liquor, a second was being regen¬ 
erated, and the third was ready for use. 

437 PrtiHB, M., Qas- u. Wasserfach, 72, 791-801 
(1929) ; Oas J., 187, 404-7 (1929). Fttz, W., 
AspJialt Teer Strassenbautech., 80, 552-3 (1930). 
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TABLE XLIV 

Analyses of Crude Phenols Produced by 
Active Carbon Dephbnolization 



percent 

I^ercent 

percent 

Water 

0.8 

0.16 


Neutral oils 

20.8 

18.73 

23.41 

Beniol to 100® 0 

7.4 

3.84 


Pyridine 

9.0 

6.06 


Pitch 

11.4 

14.2 

10 26 

Phenol 

31.54 

32.56 

31.41 

Cresols 

33.47 

32.55 

32.39 


Adsorption of phenols on the carbon took 
approximately 4 hours, benzol extractions 
3.5 hours, and steaming 0.5 hour.^“® 

The life of the carbon is very important 
to the economic success of the process. Re¬ 
placements amounted to 1.5 to 2.0 percent 
by weight of crude phenol at the Langen- 
dreer plant. Priiss stated that the car¬ 
bon could be revivified by extraction with 
benzol at least 100 times. 

Kozko®®* recommended the use of di- 
chloroethane instead of benzol or gasoline 
for extraction of the phenols from the 
carbon. 

Another dephenolization process, using 
activated carbon, was developed by Robin¬ 
son Brothers in Great Britain.'^'^** They 
acidified the liquor with carbon dioxide 
until almost neutral, or with mineral acids 
to a pll of 6 to 7. Both treatments pre¬ 
cipitated an organic sludge. The oxygen 
consumption of the liquor was ai)preciably 
reduced by removal of this sludge. Be¬ 
cause the carbop adsorbed ammonia, which 
is vaporized with the phenol on steaming, 
mineral acids are better for acidification 
than carbon dioxide. The acidified liquor 

488 Eozko, A. I., Vodoenahzhenie Banit, Tckh., 
3, No. 11, 86-92 (1938) ; Khim. Referat. Zhur., 
2, No. 3, 103 (1939) ; Chem. Aha., 34, 1106 
(1940). 

430 Robinson, H. W., and Parkes, D. W., U. S. 
Pat. 1,663,783 (1927). Robinson Bros., Gas J., 
1T9, 546 (1927). Parkes, D. W., J. Soc. Chem. 
Jna., 46, 186-93T (1927), 48, 81-6T (1929). 
Patton, W. D., U. S. Pat. 1,873,629 (1932). 


was passed through a series of active car¬ 
bon adsorbers. The adsorbers were cut 
out in turn as they became saturated with 
phenol. Three adsorbers, containing 50 
pounds of carbon each, cared for 200 gal¬ 
lons of liquor per hour, one adsorber being 
cut out every 5 hours. 

In laboratory experiments, Parkes re¬ 
covered the phenols by heating and steam¬ 
ing the carbon up to a temperature of 
600° C. The carbon was finally heated to 
800° C. This treatment maintained the 
activity of the carbon with a loss of only 
1 to 2 percent. 

Parkes reported that over 99 percent of 
the phenols were removed from the liquor 
by adsorption with the carbon, although 
only about 50 percent were actually recov¬ 
ered. The concentration of thiocyanate in 
the liquor was slightly reduced, and the 
oxygen absorption was lowered 80 to 85 
percent. Good results were obtained in 
the dephenolization of a low-temperature 
liquor, although prior removal of dihydric 
phenols might be necessary in the case of 
other liquors, Parkes concluded. Treat¬ 
ment of vertical-retort liquors would be 
uneconomical, because the costs for distil¬ 
lation and carbon would be high on account 
of high concentrations of thiocyanate. 

According to l^russ,^^^ recovery of phe¬ 
nols from the carbon by steaming causes a 
rapid disintegration of the carbon. A con¬ 
siderable volume of aqueous condensate is 
produced which also requires dephenoli¬ 
zation. 

Piatti and Sprcckelsen reported that 
complete removal of cresol from activated 
carbon was possible only with organic sol¬ 
vents. Large amounts of steam would be 
required, but steaming did not affect the 

440 Parkes, D. W., J. Boc. Chem. Ind., 48, 81- 
6T (1929). 

441 Piatti, L., and Spreckelsen, O., Z. angew. 
Chem., 43, 308-10 (1930). 
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activity of the carbon. According to the 
Metallgesellschaft A*-G .,**2 the carbon 
should be kept out of contact with air. 
Solvent and liquor flows were so arranged 
as to keep the carbon covered during the 
transition stages. Although active carbon 
removes phenols almost completely, Ka¬ 
zachkov^^® reported that it is easily poi¬ 
soned by impurities. 

Ruff and Martynova recovered phe¬ 
nols from the liquors obtained in peat car¬ 
bonization. The vapors from the stills 
were condensed and passed through acti¬ 
vated carbon, which was regenerated in the 
usual way. 

Attempts have been made to utilize char¬ 
coals made from low-cost materials. Thus, 
Rutovskii obtained good results with a 
peat charcoal onto which he distilled his 
benzol directly. 

For inirifying Ihiuors, the Metallgesell¬ 
schaft used coke, wood charcoal, 

or other granular carbonaceous material 
with a low original power of absorption. 
The adsorbent was revivified by steaming, 
followed by burning the impurities off with 
gases or steam having an oxygen content 
less than that of air. 

The I. G. Farbeiiindiistrie removed 
phenols from activated carbon by treat¬ 
ment with liquid ammonia. The phenol 
was recovered from (lie animoniacal extract 

442 MctallgOR. A.-G., Brit. Pnts. 805,657 
(1920), 344,282 (1931). Cf. also Carbo-Norit- 
Unioii V’erwaltungH-G.m.b II., Ger. Pat. 543,015 
(1929). 

443 Kazachkov, L. I., J. Chem. Ind. {U.8.8.R.), 
8, 720 3 (1931) ; Chem. Ahs., 26, 1754 (1932). 

444 Ruff, v, T., and Martynova, O. I., Vodoa- 
nahzhenie Sanit. Tckh., 8, No. 10, 74-84 (1938); 
Khim. Referat. Zhur., 2, No. 3, 102-3 (1939) ; 
Chem. Aba., 84, 1105 (1940). 

44B Rutovskii, B. N., J. Chem. Ind. {U.8.8.R.), 
12, 940 (1935). 

446 Mctallges. A.-G., Ger. Pat. 598,852 (1934). 

447 1. G. Parbenindustrie A.-G., Brit. Pat. 
448,712 (1936) ; Fr. Pat. 795,038 (1936). 


1469 

by distilling the ammonia off under 10 to 
15 atmospheres pressure. 

Activated carbon has been used for the 
removal of residual phenol left in the liq¬ 
uor after dephenolization by solvent ex¬ 
traction.**® 

Water supplies have been treated by ad¬ 
sorbents such as activated carbons**® or 
bleaching clays *®® for removal of traces of 
phenols giving rise to tastes and odors. 
The carbon in this work is usually added 
as a powder. 

ADDITIONAL ADSORBENTS FOR PHENOL 

Bone black has been used by Basore*®^ 
as an adsorbent for phenols. Eight to fif¬ 
teen parts of bone black removed nearly 
all phenols and color, together with some 
of the thiocyanate, from 100 parts of waste 
hciuor. The black was revivified by re¬ 
burning at a temperature of 1,100® F 
(630® C). The phenols could be partially 
recovered by condensing the vapors from 
the furnace, or burned by drawing them 
into the furnace. An occasional treatment 
of the black with dilute acid, preferably 
hydrochloric, was necessary to prevent the 
accumulation of lime and calcium carbon¬ 
ate. In a semi-commercial test covering 
two summers. Brown *®® found that the 

ii&Otto, C., and Co., Ger. Pats. 543,791, 673,- 
103 (1929). Kliir- u. Eiitphenoluiigs G.m.b.H., 
Fr. Pnt. 703,721 (1930). Holmes, W. C., and 
(\)., and Cooper, C., Brit. Pats. 372,899 (1932), 
407,801 (1934). 

449 Gibbons, M. M., Ind. Eng. Chem., 24, 977- 
82 (1932). Lagergreen, A., Tek. Tid., 68, 217 
(1933) ; Chem. Zentr., 104, 1423 (1933). Bay- 
lis, J. R., Elimination of Taste and Odor in 
Water, McGraw-Hill Book Co., New York, 1936, 
('hapters 4-6. 

450 Travers, J. T., Lewis, C. H., and Urbain, 
O. M., U. S. Pat. 1,850,644 (1982). Norcom, 
G. D., Water Works and 8ewerage, 80, 58 (1983). 

461 Basore, C. A., U. S. Pat. 1,323,239 (1919) ; 
Brit. Pat. 139,168 (1920). Baylls, J. B., pp. 
84-5 of ref. 449. 

452 Brown, R. L., Am. Gaa Aaaoo. Monthly, 8, 
211-14, 240, 254, 279-82, 302 (1926). 
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black retained its activity. He considered 
the process expensive on a commercial 
scale. Basore*®^ combined his borie-black 
filtration with other purification ptocesses, 
including aeration of the hot liqilor, and 
filtration through spent slag, which elimi¬ 
nated some sulfides and cyanides. 

Davis and Semenow *®^* found that a 
large portion of the phenols were removed 
from still waste in trickling through a bed 
of lignite; 15 parts of lignite were used per 
100 parts of waste. The lignite was re¬ 
vivified for further use by standing under 
proper conditions. A revivification re¬ 
quired about 3 weeks, but the number of 
revivifications was apparently limited. It 
was concluded that the possibilities of re¬ 
vivification in a practical way were not 
great. Peat was used instead of lignite by 
Dieterle and Semenow.^®^* The peat 
eliminated taste- and odor-producillg com¬ 
pounds. Bacterial action was an impor¬ 
tant factor in these treatments. 

Knothe dephenolized low-temperature 
carbonization liquors by filtering through 
lignite ash. The u.se of ashes, brown-coal 
coke, or active carbon for purifying aque¬ 
ous liquors from lignite carbonizing opera¬ 
tions was recommended by Stooff.^®® 

Witt and Schuster removed hydrogen 
sulfide from a tarry, turbid effluent from 
lignite carbonization by filtration through 
low-temperature coke. This was followed 
by acidification of the liquor with flue 
gases, and then a second filtration through 
fresh coke, at the rate of 1 part liquor per 

458 Davis, H. S., and Semenow, S. D., U. S. 
Pats. 1„323,251 (1919), 1,437,401 (1928) ; Brit. 
Pat. 139,159 (1921). 

464 Dieterle, B. A., and Semenow, S. D., U, S. 
Pat. 1,323,256 (1919) ; Brit. Pat. 152,366 (1920). 

46,-j Knothe, W., Ger. Pat. 606,021 (1929). 

456 Stooff, H., Kleine Mitt. Mitglied. Ver. 
Waaser-, Boden- u. Lufthyg., e» 131 (1930); 
Chem. Aha., 24, 5091 (1930). 

46T Witt, D., and Schuster, F., Oaa- u. Waaaer- 
Sack, 71, 241-4 (1928). 


part of coke per hour. The effluent had 
only a faint odor, gave only a slight turbid¬ 
ity with bromine water, and remained col¬ 
orless after long standing in air. The oxy¬ 
gen-absorbing capacity was reduced by 85 
percent. 

Precipitation of Phenols with Lead 
Salts 

Phenols. Phenols have been precipitated 
from ammoniacal liquors by the addition of 
lead salts by Urbain.^®® The reaction, he 
stated, was stoichiometric, and the proper 
addition was determined by a prior test on 
the liquor. Thus, 100 parts of phenol re¬ 
quired 430 parts of tribasic lead acetate to 
produce'337 parts of plumbyl phenolate. 
The precipitate was separated and treated 
with 66° Baume sulfuric acid, and the phe¬ 
nol was distilled off. The lead acetate also 
precipitated carbohydrates, organic acids, 
other hydroxy benzenes, and amines. These 
compounds were burned off the phenol-free 
sludge to leave a large amount of a white 
lead sulfate. Any lead acetate left in the 
ammoniacal liquor was removed by pre¬ 
cipitation with sodium sulfate. 

Polyhydroxy Phenols. Catechol has been 
recovered from ammoniacal liquors by pre¬ 
cipitation with lead chloride or lead ace¬ 
tate. Before precipitation, the liquor was 
made slightly alkaline, to pH 8.0, with am¬ 
monia. The precipitate of lead catechol 
was separated by filtration and decomposed 
with hydrochloric acid. After the lead 
chloride was removed, the aqueous solution 
of catechol was distilled under vacuum. 
Before all the water was off, superheated 
steam was introduced into the still; and an 
aqueous solution from which the catechol, 
m.p. 104° C, crystallized on cooling was 
obtained. The process was operated by 

458 Urbaln, O. M., U. S. Pats. 1,973,999, 1,- 
974,000 (1984). 
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Parkes^®® on a semi-commercial scale for 
purifying low-temperature carbonization 
liquors containing 2 to 2.5 grams per liter 
of catechol. 

In order to reduce consmnption of the 
lead salt, the liquor was freed from sulfide 
and carbonate before the treatment. Ow¬ 
ing to the extremely small concentration of 
catechol in the liquors from high-tempera¬ 
ture carbonization, the process has not 
been of interest to operators of such plants. 
Parkes stated that aluminum, zinc, mag¬ 
nesium, or manganous salts may be used 
instead of lead. Nitsche^®® patented a 
process similar to the Robinson process. 

Removal of Phenols with Halogens 

The effect of chlorine on phenols in am- 
moniacal liquors has been studied by Chul- 
kov and coworkers.^®^ To a solution con¬ 
taining 10 grams per liter of phenol were 
added 40 of caustic soda, or the equivalent 
amount of lime, and t30 grams per liter of 
chlorine were bubbled in. A resinous prod¬ 
uct amounting to 7 grams per liter was 
produced which proved to have value for 
use in paints and lacquers. Chulkov com¬ 
bined his chlorination treatment with other 
processes, including prior treatment of the 
liquor to remove compounds which react 
with chlorine, such as sulfides. The excess 
chlorine was removed by aeration, and the 
liquor w’as filtered through active carbon to 

i.'io Parkes, D. W., J. 8oc. Chem. Ind., 48, 
81-6T (1929) ; U. S. Pat. 1,821,815 (1931) ; 
Brit. Pat. 305,494 (1927). Moukhouse, A. C., 
Go* J., 191. 163 (1930); Oa» World, 98, 81; 
Iron d Coal Trades Kev., 121, 423 (1930) ; 
Trans. 2nd World Power Conf., Berlin, 2, 75-89 
(1930). 

400 Nitsche, P., Ger. Pat. 532,178 (1927). 

461 C'hulkov* Y. 1., */. Chem. Ind. iU.8.8.R,), 
11. No. 12, 48-59 (1934) ; Chem. Aba., 29, 2269 
(1936) ; Russ. Pat. 39,688 (1934) ; Chem. Aba., 
30. 3560 (1936). Chulkov, Y. I., Parinl, V. P., 
and Bol’ko, S., Org. Chem. Ind. iU.8.8.R.), 1» 
481-^ (1986), 8, 97 (1987), 5. 277-82 (1938) ; 
Chem. Aba., 80 , 6864 (1986), 82, 8112 (1988). 


produce a colorless, odorless, phenol-free 
liquor. Chlorination of ammoniacal liquors 
containing higher concentrations of caustic 
soda fir)jf produced mono- and dichloro- 
phenols. With further treatment trichlo- 
rophenol was produced, but eventually this 
was completely broken down. 

In his experiments, Todd^®^ found that 
phenols in water were oxidized to tasteless 
products by chlorination at a pH of 5.7 or 
less. Ferrous sulfate was added to coagu¬ 
late any precipitates. Bromine was used 
by Rose ^®® to produce solid products by 
reaction with the phenols in ammoniacal 
liquors. The suspension was removed by 
flotation. Durand ^®* used hypochlorite for 
purification of coke-plant waste waters 
which were killing fish in the Marne. Hy¬ 
drogen sulfide and hydrogen cyanide were 
completely eliminated. 

The use of chlorine for elimination of 
phenolic tastes in water supplies has been 
described by Baylis.^®® 

An ammonia-chlorine process is used in 
water-purification practice to prevent the 
formation of tastes which would be pro¬ 
duced in water containing traces of phenol 
by treatment with chlorine alone. In ex¬ 
periments at Cleveland ammonia in a con¬ 
centration of 0.25 part per million was 
added to filtered water before chlorination. 
In the presence of 0.1 to 0.5 part per mil¬ 
lion of phenols and of 0.2 to 0.5 part per 
million of chlorine, effective sterilization 
was secured without producing phenolic 
tastes.-*®® The increased costs were very 
low. 

462 Todd, A. R., Weal Va. Univ. Coll. Eng., 
Tech Bull. 11, Series 39, No. 4-1 (1938), pp. 
18-20. 

463 ^oBe, H. J., U. S. Pat. 1,840,977 (1932). 

464 Durand, R., Bull. aci. pharmacol., 30. 216- 
19 (1923) ; Eau, 16, 116 (1923). 

46 'i Sec* Bnylis. J. R., Chapter 13 of ref. 449. 

46 cBrnideeh, M. M., Ohio Conf. Water Purifi¬ 
cation, Ann Rept., 9th Rept. (1929), pp. 67-88. 
Hatch, B. F., Blast Furnace d Steel Plant, 18, 
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Removal op Tar Acids with 
Formaldehyde 

The well-known reaction of formalde¬ 
hyde with phenol to produce resins has 
stimulated investigation of this method of 
dephenolization. Bunge and Macura 
patented the treatment of ammoniacal liq¬ 
uors with aldehydes, such as formaldehyde 
or furfural, preferably with heating, by 
which a resinous condensation product was 
formed. It was proposed that flocculating 
agents could be added to remove the sus¬ 
pended phenolic compounds. Low Tem¬ 
perature Carbonization, Ltd.,^®® has also 
patented the use of formaldehyde. 

Formaldehyde or its polymers have been 
used for similar treatment of the liquor 
from brown-coal carbonization.®®® Sivert- 
sev and Aleksandrovich®^® completely re¬ 
moved phenols from an aqueous liquor 
from Gdov shales by heating with a small 
amount of formaldehyde and about 3 per¬ 
cent of sulfuric acid at 100" C. Boiling 
the acidified liquor with a little pine saw¬ 
dust removed 95 percent of the phenols. 
The furfural, formed by hydrolysis of the 
woods, condensed with the phenols in a 
similar manner to formaldehyde.®^® 

Recovery or Elimination op Cyanides 
AND Thiocyanates 

Thiocyanates. Since ammoniacal liquors 
from coke plants contain only about 2 
grams per liter of thiocyanates, it has not 

618-9, 621 (1930). Baylis, J. R., Chapters 10- 
12 of ref. 449. 

467 Bunge, F. C., and Macura, H., Ger, Pat. 
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Flack, N., Brit. Pat. 448,899 (1936). 

469 Kohlenvpredlung u. Schwelwerke A.-O., 
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470 SivertHev, A. P., and Aleksandrovich, D. A., 
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paid to treat them directly for recovery of 
these salts.®^^ In 1863, Spence ®^2 pj-Q. 
posed separating the thiocyanates, in the 
form of cuprous thiocyanate, by adding 
cupric and ferrous sulfates to the liquor 
after the free ammonia had been removed 
by distillation. Although this idea has 
been revived in various forms since that 
time, it does not appear to have become 
of any importance. Storck and Stobel®^® 
acidified ammonia liquor with hydrochloric 
acid and then precipitated cuprous thio¬ 
cyanate by the addition of a mixture con¬ 
sisting of cuprous chloride and sodium bi¬ 
sulfite. The precipitate was washed, then 
boiled with a barium hydrate solution, and 
the barium thiocyanate allowed to crys¬ 
tallize. 

Parker and Robinson ®^® added cupric sul¬ 
fate to the ammonia liquor and then car¬ 
ried out the necessary reduction by passing 
sulfur dioxide through the solution. The 
excess cuprous sulfate was recovered. The 
cuprous thiocyanate was converted to fer¬ 
rous thiocyanate, and the copper was re¬ 
covered by the addition of metallic iron, 
according to Bower.®^® 

Crowther®^® recovered the thiocyanates 
from still waste. The lime was first pre¬ 
cipitated with carbon dioxide. A paste of 
cuprous oxide was then added to the clear 
liquor, and the mixture made slightly acid 
with hydrochloric acid. The cuprous thio¬ 
cyanate was filtered off and converted to 
other salts by the addition of alkali car¬ 
bonates or hydroxides. The cuprous oxide 
was recovered. 

471 Shnidman, L., Proo. Am. Oan Aasoo., 1032, 
950-69. 
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Cyanide. The low concentration of cya¬ 
nide in ammoniacal liquor has rendered its 
recovery uninteresting also, although sev¬ 
eral methods have been proposed. Heffner 
and Tiddy*^^ washed the gases leaving an 
ammonia still with a solution of caustic 
soda and recovered the cyanide. The use 
of a solution containing an alkali hydroxide 
or carbonate and an iron salt has been pat¬ 
ented.**^® The final product was a ferro- 
cyanide. Denis converted the cyanide 
to ferrocyanide by the addition of an al¬ 
kali and ferrous sulfate directly to the 
liquor. 

The gradual oxidation of cyanide to thio¬ 
cyanate in the li(]uor has been utilized by 
Schdnfeld for elimination of the cyanide. 
The liquor was treated with sulfur or sul¬ 
fides in the presence of catalysts, such as 
active carbon or silicic acid. Colman and 
Yeoman suggested that cyanide be con¬ 
verted to thiocyanate by passing air with 
the steam through the still. In a week’s 
operation, the cyanide content of the crude, 
concentrated liquor produced in the still 
had (Irojiped from 0.83 to 0.304 gram per 
liter, calculated as ammonium thiocyanate. 

The Noerdlingers removed both cy¬ 
anide and thiocyanate together from the 
iKpior. After acidification of the liquor 
with an acid other than nitric, an oxidiz¬ 
ing agent, such as manganese dioxide, was 
added, which converted the thiocyanate to 
cyanide. The cyanide was removed with a 
current of air and was recovered by wash- 

477 noffnor, L. W., and Tiddy, W., U. S. Pat. 
1,000,288 (1026). 

478 Die Diroctrio van dc Staotsmijnen in Lim- 
burp, and C. Otto & Co., G.m.b.H, Fr. Pat. 
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ing the air with a suitable reagent. As 
little as 0.25 gram per liter of thiocyanate 
was removed in this way. 

In the investigation made by Southgate 
and his coworkers on the poisoning of 
smelt in the Tees Estuary, methods for re¬ 
moving the highly toxic cyanides from the 
waste w^aters of coke plants were studied. 
The cyanide, present in concentrations of 
about 40 parts per million, could be con¬ 
siderably reduced by spraying the liquor at 
a temperature of 58° C into the air as a 
fine mist. Cyanide was also converted to 
nontoxic ferrocyanide by the addition of 
ferrous chloride, available as a slightly acid 
solution of pickle liquor. Hydrogen sulfide 
interfered, because it formed ferrous sul¬ 
fide, which reacted more slowly. Labora¬ 
tory experiments indicaterl that an effluent 
containing not over 40 parts per million of 
hydrogen sulfido could be treated success¬ 
fully by* mixing for 15 minutes with 300 
and 130 parts per million of calcium oxide 
and ferrous chloride, respectively. 

The addition of formaldehyde to convert 
the cyanide into cyanhydrin usually made 
the effluent nontoxic.Garner and Wish- 
art found that addition of formaldehyde 
to a liquor removed thiocyanate and sul¬ 
fides but had little effect on phenols. 

Gases containing carbon dioxide, Neu- 
wirth found, will liberate hydrogen cy- 

483 Southgote, B. A., Pentelow, F. T. K., and 
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anide from liquors containing cyanides. 
StrelH®® reported that the liquor could be 
acidified and blown with air. 

The conversion of cyanogen compounds 
to ammonia by concentrating a solution 
made alkaline with soda ash has been de¬ 
scribed by BakerThe liquor was then 
treated with a compound of a metkl other 
than mercury to precipitate residual cya¬ 
nide or thiocyanate. Baker also removed 
cyanide from ammoniacal liquor, from 
which the free ammonia had been distilled, 
by the addition of oxides or chlorides of 
copper, tin, silver, nickel, or aluminum 
The precipitate was removed and the liquor 
treated with unpurified coal gas, hydrogen 
sulfide, or both, to precipitate any excess 
of the metallic compounds. The purified 
liquor was evaporated for the production 
of ammonium chloride. 

REMOVAL OF HYDROGEN SULFJDE 

Hydrogen sulfide is eliminated from am¬ 
moniacal liquor during distillation in the 
ammonia still; in the semi-direct byproduct 
process it is then returned to the gas with 
the ammonia and other vapors. Addition 
of a metallic compound to precipitate an 
insoluble sulfide has been suggested. Fald- 
ing used pickle liquor to precipitate 
ferrous sulfide. Enough ferrous sulfate was 
added to combine with the free ammonia, 
and iron hydroxide and ammonium sulfate 
were additional products. 

Ammoniacal liquors were treated with 
lime by Sokolova and Bezuglov.^®® Cal¬ 
cium sulfide precipitated in the sludge. 
This was treated with flue gases to produce 

486 Strell, M., Oeaundh.-Jng., 02, 546 (1939). 
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calcium hydrosulfide, which was filtered off 
and mixed with an acid solution of sodium 
sulfate. Free sulfur was liberated. 

The Deutsche Ammoniak-Verkaufs Ver- 
einigung G.m.b.H.'*®^ removed entrained 
tar from ammoniacal liquor by precipita¬ 
tion of the sulfide with ferric sulfate or 
zinc sulfate. The tar was entrained by the 
precipitate and could be filtered out. The 
use of iron ores for precipitation of an in¬ 
soluble iron sulfide was recommended by 
Bezugliiii and Ignatenko.'*®- 

Dieterle and Semenow, and Basore,^®^ 
mentioned filtration of still waste through 
blast-furnace slag containing iron oxide to 
remove calcium sulfide. The cyanide was 
partially removed. Miniovich and Dizhev- 
skii**®^ added cupric sulfate to liquor and 
precipitated cupric sulfide. 

Queret^®"* desulfurized liquor by oxida¬ 
tion with air in the presence of traces of 
metallic salts, such as nickel sulfate. An 
electric current promoted the oxidation. 
The use of colloidal nickel sulfide as a cata¬ 
lyst in an aeration process has been pat- 
ented.**®® The I. G. Farbenindustrie ^®^ 
pasvsed air through the liquor, and then 
oxidized the sulfide, ammonia, and cyanide 
compounds, which were vaporized, by pass¬ 
ing the air over catalysts. 

Sulfur dioxide has been used for the de- 

4»J DeutwIiP Animonfak-VcrkaufR Vpreiniffunjf 
G.ra.b.H., Ger. Put. 609,170 (1936). 
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cal liquor. Sebastian^®* found that, al¬ 
though sulfur dioxide would react with the 
hydrogen sulfide in ammoniacal liquor to 
produce sulfur, the major portion of the 
sulfide was not destroyed when treated in 
an alkaline solution. By use of an excess 
of sulfur dioxide, 2 moles per mole of hy¬ 
drogen sulfide, and acidification, the reac¬ 
tion was completed. He acidified the liquor 
by the addition of acid phosphate. 

Bailey'‘®® mentioned a plant in which 
the sulfur dioxide in the waste gas from a 
Claus kiln was used for neutralization of 
the liquor. Aeration to remove dissolved 
hydrogen sulfide and sulfur dioxide fol¬ 
lowed. Bailey stated that this process, 
when properly operated, should yield a de¬ 
colorized effluent. 

Removal of Organic Acids 

Organic acids have been removed from 
ammoniacal liquors by passing the liquors 
through alkali carbonates before removal 
of the phenols.'"*®® Carboxylic acids have 
been precipitated from industrial waste 
liquors by IJrbain.'^®^ A thionyl aniline 
was added, which jirecipitated an insoluble 
anilide. Organic acids, mercaplans, alco¬ 
hols, amines, and either oxygen-consuming 
compounds could be removed by the addi¬ 
tion of a thionylaminoacylhalide. This re¬ 
acted with at least one compound to yield 
products which reacted with others. 

RulT and Martynova •'‘®- recovered fatty 
acids from the waste waters produced in 

4»R Sebastian, R. L., U. S. Pat. 1,857,671 
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evaporating. The calcium salts were pro¬ 
duced. 

Oxidation of Ammoniacal Liquor 

Air. The high oxygen-absorbing capacity 
of ammoniacal liquors has attracted the at¬ 
tention of investigators to methods of puri¬ 
fication involving oxidation. Air has fre¬ 
quently been tried but has eliminated only 
a portion of the organic compounds. The 
use of air to eliminate phenols from waste 
liquors has been advocated by Schulze- 
Forster and Haase.®®^ From 60 to 70 per¬ 
cent of the phenol was removed from waste 
liquors containing 1 to 2.3 grams per liter, 
by vigorous aeration with compressed air 
for 1 to 2 hours at 85 to 90“ C. The or¬ 
ganic compounds were both polymerized to 
difficultly soluble compounds and oxidized, 
the polymerization especially being favored 
by higher temperatures. The best results 
were obtained at a pH of 8 to 10. Filtra¬ 
tion of the oxidized liquor proved neces¬ 
sary, because much of the insoluble prod¬ 
uct was too fine to settle rapidly. Bach 
has questioned whether such a process 
could be justified if the costs for com¬ 
pressed air and heat to keep the tempera¬ 
ture of the liquor above 70“ C were taken 
into account. 

Experiments by Heiduschka and R6- 
misch convinced them of the impossi¬ 
bility of rendering phenols harmless within 
a reasonable time by oxidation alone. Defi¬ 
nite diminution of both phenol and cresols 
in aqueous solution w^as obtained by oxida¬ 
tion with air in the presence of iron and 
copper compounds and metallic oxides. 
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Horowitz-Wlassowa also found that 
simple aeration had little effect on the phe¬ 
nols in waste liquors. Phenols in liquors, 
which were aerated in the presence of soil 
or wood charcoal, were oxidized, and this 
oxidation he ascribed to catalytic and not 
to bacterial action. 

Ammonia still waste, as it came hot from 
the still, has been aerated in an aeration 
tower filled with baffles, coke, or other ma¬ 
terial, over which the liquor trickled, both 
by Basore and by Dieterle and Seme- 
now.'*®® This treatment caused some con¬ 
centration of the liquor and volatilization 
of impurities, and it also resulted in a more 
ready precipitation of the solids in a sub¬ 
sequent settling. In 24 hours, about 95 per¬ 
cent of the precipitable solids settled out. 

Caustic alkalies were atlded by the Ba- 
dische Anilin und Soda Fabrik to ])he- 
nolic liquors before cooling and evaporat¬ 
ing in air, in order to prevent formation of 
a resinous sludge from the phenolic com¬ 
pounds in the liquor cooling tower. 

Chulkov and coworkers mentioned 
successful experiments on the purification 
of phenol waste waters by oxidation and 
treatment with lime and calcium chloride. 
Phenols left in the liquor were adsorbed by 
activated carbon. 

Air was blown through ammoiiiacal liq¬ 
uor by Jacobson to produce a gas con¬ 
taining nitrogen, oxygen, and ammonia. 
Any hydrogen sulfide in the gas was oxi¬ 
dized catalytically by means of aluminum 
oxide. The nitrogen and oxygen in the re¬ 
maining gases then reacted to form nitro- 

C 06 Horowitz-Wlassowa, L. M., Gas- u. Wasser- 
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607 Badische Aiillin u. Sodii Fubrlk, Brit. Pat. 
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gen oxide in the presence of another cata¬ 
lyst. 

Ozone. The use of ozone combined with 
filtration for the removal of minute traces 
of phenol, naphthalene, and pyridine was 
studied by Brown at Milwaukee.®^® He 
found it usually effective but expensive. 
Ozonized air was used by Neuwirth for 
purifying liquors containing phenols and 
cyanide. The action was slow but could be 
accelerated by the addition of iron or mag¬ 
nesium salts as carriers of the oxygen. This 
was done by filling the reaction tower with 
iron ores. Boulanger and Manderlier 
used ozone for oxidizing waste waters from 
coal washeries, etc. Coal dust in the water 
acted as a catalyst. The use of ozone in 
purifying ammoiiiacal liquors has been pat¬ 
ented by both Marechal and Leggett.®^® 

Electrolysis. The anodic oxidation of 
phenols in waste waters has been jiat- 
ented by Johnstone.®’* The Bamag Me- 
guin A.-O.®^® has also used electrolysis for 
purification of waste liquors containing 
phenols. The impurities were jiartly pre¬ 
cipitated and partly destroyed. Taganov 
and Novodereshkin added magnesium 
and sodium chloride to the waste liquors 
containing phenols which were discharged 
from jiroducer gas plants, then electrolyzed 
them. After electrolysis, the solution con- 
tamed no phenol, but a resinous deposit of 
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chlorinated organic compounds was ob¬ 
tained. The power consumption amounted 
to 5.2 kilowatt-hours per kilogram of 
phenol. 

Manganese Dioxide, Manganese dioxide 
has been used by Wells and Wilson for 
the elimination of complex organic matter 
from ammoniacal liquor. Before the liquor 
passed through the bed of ore, its pH was 
brought to some value in the range 4 to 9, 
either by boiling off free ammonia or by 
the addition of acid. The organic com¬ 
pounds were eliminated without the loss of 
appreciable quantities of manganese by so¬ 
lution in the liquor. 

Potassium permanganate will destroy the 
organic matter in the liquor, but its appli¬ 
cation would be expensive.®^® 

USB OP FLUE GASES ON STILL WASTES 

Waste liquors from the ammonia stills 
have been treated with flue gases to pre¬ 
cipitate excess lime. The calcium carbon¬ 
ate settled out, together with other sus¬ 
pended or colloidal matter.'*^*’ Knothe^^o 
passed flue gases through still waste to 
purify it for reuse in ammonia scrubbers. 

Chemical Prei^ipitants for Purification 
OP Liquors 

In waterworks practice, precipitants or 
flocculating agents are successfully used for 
removing impurities entrained in the water, 
together with some dissolved compounds. 
Similar reagents have been tried and a 
number have proved beneficial in the re¬ 
moval of entrained solid or tarry matter 
from ammoniacal liquors. With some of 
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these reagents, the concentrations of phe¬ 
nol and of other dissolved compounds have 
been reduced. 

Iron or Aluminum Compounds. Gas 
liquor has been treated with ferrous sul¬ 
fate, obtained as spent “pickle liquor,” sixid 
the precipitated iron hydroxide and sulfide 
filtered off by the Vereinigte Stahlwerke 
A.-G.'^^^ During filtration, a current of air 
could be passed through the liquid and fil¬ 
tering medium. Iron and aluminum coagu¬ 
lants were dissolved by the Finalys®*^ in 
waste waters containing phenols, and floc¬ 
culation was accomplished by the addition 
of oxidizing gases, such as air or chlorine. 
Part of the phenol was carried down in the 
precipitate. 

Aluminum sulfate was used by Dut¬ 
ton for purifying oily and tarry wastes 
at one gas plant over a period of 4 years. 
The liquors were settled and filtered 
through coke, then treated with about 10 
pounds of alum per 50 gallons, and finally 
filtered through sand. Hurley ^^4 found 
that the addition of aluminoferric in 
amounts up to 15 grains per gallon im¬ 
proved a gas liquor but slightly. 

At the water-gas plant at Reading, Pa., 
the waste liquor was purified by the addi¬ 
tion of soda ash and ferrous sulfate, settled, 
and filtered.®-® A mixture of iron and cal¬ 
cium hydroxides and a catalyst, such as 
the acid-treated waste dust from cement 
manufacture, was added by Travers and 
coworkers®-® to liquor containing phenol, 
in such proportions that there was present 
not less than 4.4 grains per gallon of iron 
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406,156 (1934). 

522 Fim'ily, L. de, and Findly, S. S. de, Hung. 
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hydroxide, 14.8 grains per gallon of cal¬ 
cium hydroxide, and 30 grains per gallon 
of the catalyst material. The phenols were 
removed when present in concentrations of 
about 1 gram per liter. 

Phenols, cyanides, pyridine bases, and 
sulfides were removed from waste waters 
by Kazachkov *^7 by heating with iron hy¬ 
droxide ore. The ore was regenerated by 
blowing with hot air or steam. 

Lime. Waste liquor from a water-gas 
plant at Flint, Mich., has been successfully 
treated with 1,500 pounds of lime per mil¬ 
lion gallons, settled for 2 hours, and passed 
through coke filters. Turbidity, color, and 
oxygen consumed were reduced by 90 to 
95 percent.®-* 

The Dow Chemical Company removed 
almost 100 percent of the phenol from a 
mixture of chemical plant wastes contain¬ 
ing 20 to 30 parts per million of phenol. 
The mixture was limed, settled, and filtered 
on rotary filters. It finally flowed to a 
large effluent pond, and from here it was 
discharged to the river. The overall re¬ 
duction in phenol ranged from 84.9 to 99.9 
percent.®-* 

Whipple recommended a ])rocedure 
which consisted in settling the waste liquor 
in heated settling tanks, treating with lime, 
again settling, and finally filtering through 
coke or sand. 

Other Chemicals. Among the chemicals 
which have been used for coagulating im¬ 
purities in coke or gas-plant liquors were 
lime and cupric sulfate.®*^ An efficient 

827 Kazachkov, L. I., Ru88. Pat. 28,454 (1032) ; 
Chem. Abs., 27, 3704 (1933). 
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purification was obtained by adding 3 to 4 
pounds of calcium hydroxide and 2 pounds 
of cupric sulfate per 1,000 gallons. The 
liquor was settled and tillered through 
coke. Hurley found that treatment of 
gas liquor with activated carbon and pre¬ 
cipitation with cupric sulfate was not a 
successful means of purification before it 
was mixed with sewage. 

Colloids in the effluents from the manu¬ 
facture of briquets are negatively charged 
and can be precipitated by the addition of 
magnesium hydroxide. This is formed by 
the addition of magnesium chloride and 
lime to the liquor, according to Bahr and 
Kather.®®* Grossman added barium and 
strontium carbonates to still wastes in or¬ 
der to remove calcium sulfate. 

Compounds toxic to fish in the waste 
ivaters from coke plants, blast furnaces, 
and the like were precipitated by the addi¬ 
tion of a solution containing 20 percent 
mercuric chloride, 8 percent sodium chlo¬ 
ride, and 30 percent sodium acetate.®*® 

Methods of Analysis 

Methods of analysis for the compoumls 
in weak ammonia cal liquors and wastes are 
adaptations of standard methods, and many 
of them have satisfactorily met industrial 
requirements for years. The accurate de¬ 
termination of phenols has proved unusu¬ 
ally difficult, and many analytical proce¬ 
dures have been developed for determining 
these constituents. 

The analysis of a concentrated liquor is 
performed by similar methods, except that 
It is usually run on a weight rather than a 
volume basis. The sampling procedure is 

532 Hurley, J., Surveyor, 81, 421 (1932); 

Niunie. Eng. Sanit. Record, 80, 625 (1932). 

•Has Buhr, H., anil Kather, K., Braunkohle, 21, 
485-7 (1922). 

6.34 Grossman, J., Brit. Pat. 7932 (1907). 

535 Gr^golre, A., Bull. soc. chim. Belg., 32, 
230-2 (1923). 



1469 


METHODS FOR ANALYSIS OF LIQUOR 


more complicated, because evaporation of 
ammonia must be prevented. 

Some comparative analyses on a weak 
liquor and a concentrated liquor made by 
15 different laboratories have been reported 
by Stone.®^® The differences in results give 
an idea of the magnitude of the errors. 

DETERMINATION OF AMMONIA 

Ammonia in a liquor is determined by 
distillation into standard acid, and titration 
of the excess acid with a standard alkali. 
For determining the total ammonia, the 
fixed salts are decomposed with an alkali 
before distillation. The free ammonia is de¬ 
termined by direct distillation of the liquor 
without alkali addition, or by a simple ti¬ 
tration if no substances which interfere 
with the indicator are present.®®^' 

Fixed ammonia is calculated by difference 
between the total and free. Since concen¬ 
trated liquors seldom contain fixed ammo¬ 
nia, a direct titration for the free ammonia 
without distillation is usually satisfactory. 

A method which is claimed to require 10 
to 15 minutes has been described by Beet 
and Belchcr.®^^ The sample is diluted so 
that the equivalent of 0.2 cubic centimeter 
IS distilled. Approximately 50 cubic centi¬ 
meters of distillate is collected, and the 
ammonia is absorbed in a boric acid solu¬ 
tion. This is titrated with 0,01 N hydro¬ 
chloric acid, using an indicator consisting 
of methyl red and methylene blue dissolved 
m absolute alcohol. A similar method us- 

53fi stone, C. II., Proc. Am. Gan Assoc., 11123, 
1159-01. 

537 Gas Chemists' Handbook, 3rd ed., Am, 
Gas Ahnoc., New York, 1929, pp. 348-70. 

538 United States Steel (\)rp., (^liemistK’ Com¬ 
mittee, Sampling and Analysis of Coal, Coke, 
and liy-prodnctu, 3rd ed., Carnegie Steel Co., 
Pittsburgh, 1929, pp. 144-62. 

539 See pp. 1.30-40 of ref. 11. 

540 Bailey, T. L., Ann. Kept. Alkali, dc.. Works, 
64, 18-30 (1028). 

541 Beet, A. Ifl., and Belcher, R., Fuel, 18, 
116-7 (1939). 


ing boric acid was described by Winkler.®*® 

Methods in which formaldehyde is used 
for determining the ammonia have been de¬ 
scribed by several investigators.®*® Hexa- 
methylene tetramine is formed with libera¬ 
tion of the acid in accordance with the 
equation: 

6 CH 2 O -h 2 (NH 4 ) 2 S 04 = 

(CH 2 ) 6 N 4 + 2 H 2 SO 4 + 6 H 2 O 

Ten cubic centimeters of the liquor is 
titrated with 0.1 N sulfuric acid, using 
methyl orange. The solution is boiled, 
stoppered, and cooled, and neutralized 
formaldehyde is added. The final titration 
of the acid is made with 0.1 N sodium hy¬ 
droxide, using phenol phthalein. 

METHODS FOR PYRIDINE 

Pyridine in ammoniacal liquor may be 
determined by distillation into standard 
acid and titration, using methyl orange. 
Since the pyridine will be accompanied by 
some ammonia, the ammonia must be de¬ 
composed by treatment of the distillate 
with sodium hypobromite. This is done 
either by passing the vapors from the still 
through a solution of hypobromite, or uy 
adding hypobromite to the distillate con¬ 
taining ammonia and i)yridine. In the sec¬ 
ond case, after the ammonia is decomposed, 
the distillate is redistilled.®®^* ®®®> ®*** ®*® 

Rhodes and Younger ®*^ have described 

542 Winklpr, L. W., Z. angew. Chem., 26, 231-2 
(1913), 27. 630-2 (1914). 

54.3 Sander, A., Gas- u. Wasserfach, 64, 770-2 
(1921) ; Gan 1.57. .500-1 (1922). Kolthoff, 1. 
M., Pharm. Weckblad, 5«, 1463 (1921) ; Chem.- 
Ztg., 46A, 254 (1922). Menriee, R., Chem. 
Trade J., 70. 103 (1922). Stljiis, .T. H., Het 
Gas, 48. .540-3 (1928). 

544 Rliidln, F., Am. Gas J., 110, 200 (1923). 

045 Curi»hey, W. S., Chem. Trade J., 67, 146-8, 
181-.5, 221-3 (1920) ; Chem. Age {London), 8, 
12.5-6. 1.55-6 (1920) ; Gas J., 161. 179-80, 234-7 
(1920) ; Gas World, 72. 83-6 (1920). 

640 Rhodes, P. H., and Younger, K. R., Ind. 
Eng. Chem., Anal. Ed., 6, 302-4 (1933). 
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an extraction method by which pyridine 
can be determined in ammoniacal liquors. 
The liquor is made alkaline with caustic 
soda and then extracted with successive 
portions of xylene. From this extract, the 
pyridine is recovered by a second extrac¬ 
tion, using hydrochloric acid. The acid so¬ 
lution is titrated, using a quinhydrone 
electrode, and the amount of pyridine bases 
is calculated from the volume of sodium 
hydroxide added between the two break 
points on the curve. When pyridine alone 
was present, these points wore found at 
pH’s of 2.8 and 8.5, respectively, but these 
values may be different when homologs of 
pyridine are titrated. 

DETERMINATION OF SULFIDES, THIOSULFATE, 
SULFUR, AND SULFATE 

Sulfide and thiosulfate are determined 
simultaneously by running the sample into 
an acid solution containing an excess of 
standard iodine. The mixture is back-ti¬ 
trated with thiosulfate, using starch indi¬ 
cator. The sulfides in a second sample of 
liquor arc then precipitated by the addi¬ 
tion of lead carbonate. The precipitate is 
filtered off. The thiosulfate alone will then 
be determined by an iodine titration. The 
sulfides may be calculated by difference be¬ 
tween the two titrations.^^®' The sul¬ 
fides may also be removed by boiling the 
liquor before titration for the thiosulfate.®®® 

Sulfides are determined directly by add¬ 
ing cadmium chloride solution to the sam¬ 
ple. The precipitate is filtered and washed, 
then dissolved in hydrochloric acid, and ti¬ 
trated immediately with iodine or potas¬ 
sium iodate solution.®®^* ®®® Meyer and 
Hempel used a solution of zinc and am¬ 
monium acetates in acetic acid to precipi¬ 
tate the sulfides. After washing, the pre- 

647 Meyer, M., and Hempel, B., J, Oaabeleuoht., 
51, 881-7, 408-9, 426-8 (1909). 


cipitate was dissolved with sulfuric acid 
and titrated with thiosulfate. 

The quantity of volatile sulfur in gas 
liquor which can be recovered by distilla¬ 
tion for use in the manufacture of sulfuric 
acid has been determined by distilling these 
compounds into caustic soda. Bromine wa¬ 
ter in excess was added, and the sulfate 
formed was precipitated and weighed as 
barium sulfate.®^® 

Total sulfur in the* liquor is also deter¬ 
mined by oxidizing sulfur compounds to 
sulfate with bromine. After removal of 
the organic matter, the sulfates are precipi¬ 
tated and weighed as barium sulfate.®®**' 

Sulfates alone in the liquor are deter¬ 
mined by evaporation of the liquor to dry¬ 
ness. The solids are taken up with dilute 
hydrochloric acid, and the solution is fil¬ 
tered to remove organic matter. A little 
zinc oxide is added, the solution filtered 
again, and the sulfates precipitated as 
barium sulfate.®®**' 

DETERMINATION OF CARBON DIOXIDE 

Carbon dioxide in ammoniacal liquors is 
determined by precipitation with ammonia¬ 
cal calcium chloride. After digestion for 2 
hours at 1(X)° C, the precijiitate is filtered 
off, washed, and dissolved in a measured 
quantity of standard acid. The excess acid 
is titrated with caustic.®®^' Carbon 

dioxide has also been precipitated with 
barium hydrate. Sulfites and thiosulfates 
are oxidized by boiling the solution. The 
precipitate is separated by filtration and 
taken up with standard acid. The excess 
acid is titrated.®®® 

To use in control work in the vapor re¬ 
circulation dephenolizing process, the Hop¬ 
pers Company ®®o has modified an old Se- 

64b South Metropolitan Gas Co., J. 8oo. Ghent. 
Ind., 50, 114-5T (1937). 

640 See pp. 1266-91 of ref. 67. 

660 Shaw, J. A., private communication, 1941. 
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met-Solvay method for determining carbon 
dioxide. The sample of liquor is acidified, 
and the gases are boiled into a buret. The 
carbon dioxide in the buret is absorbed by 
bubbling the mixture through a gas anal¬ 
ysis pipet, and the contraction is measured. 
Errors due to the presence of hydrogen sul¬ 
fide or thiosulfate are avoided by the addi¬ 
tion of a little iodine or cupric sulfate to 
the liquor before removing the carbon di¬ 
oxide. 

DETERMINATION OF CHLORIDES 

Chlorides are determined by titration 
with silver nitrate. Cyanides and organic 
matter, which would interfere with the end 
point, must first be removed. This is done 
by boiling the sample with hydrogen per¬ 
oxide. When oxidation of the organic mat¬ 
ter is complete, the excess peroxide is de¬ 
composed by boiling with a little dichro¬ 
mate. The solution is then just neutralized 
with nitric acid and titrated with silver ni¬ 
trate.®^*’ 

Thirty iiercent hydrogen peroxide is 
used for destroying the organic matter in 
a modification of this method, developed 
by the Koppers Company.®®^’ Traces of 
peroxide are destroyed, after the addition 
of a small amount of a chromium salt, by 
alternating slight acidity and alkalinity of 
the hot solution. The use of nitric acid for 
destroying the organic matter is also nien- 
tioned.®*’^ 

DETERMINATION OF THIOCYANATES 

Thiocyanates are determined by precipi¬ 
tating cuiirous thiocyanate, which is fil¬ 
tered from the balance of the solution. 
The precipitate is decomposed by boiling 
with sodium hydroxide, and the sodium 
thiocyanate is titrated with silver nitrate, 
using ferric sulfate as the indicator, until 
the red color just disappears. 

At the start of the determination, sul¬ 


fides are removed by treatment with lead 
carbonate, and cyanides and ferrocyanides 
by precipitation as Prussian blue. The 
precipitates are filtered off. Ferric iron is 
reduced to ferrous by the addition of so¬ 
dium sulfite and boiling. On the addition 
of cupric sulfate, the cuprous thiocyanate 
precipitates.®®*' 

In a modification of this process de¬ 
scribed by Shaw,®®^ the precipitate of cu¬ 
prous thiocyanate is boiled with bromine 
water. This oxidizes the thiocyanate with 
formation of sulfate, which is precipitated 
and weighed as barium sulfate. 

Travers and Avenet recommended 
boiling the precipitate of cuprous thiocya¬ 
nate with hydrogen peroxide to oxidize the 
cuprous copper to cupric. The cold mix¬ 
ture is then titrated with potassium per¬ 
manganate in the presence of sulfuric acid, 
whereby the thiocyanate is converted to 
cyanide, which does not react further, and 
the sulfur is oxidized. A second method is 
to oxidize the thiocyanate to cyanide and 
sulfate by treating with sodium peroxide in 
alkaline solution at 0° C. The cyanides 
are distilled into caustic soda and titrated 
in ammoniacal solution with silver nitrate. 

Methods have been described by Weis- 
ser and by Strell for determining 
thiocyanates colorimetrically by formation 
of the retl color with ferric iron. 

DETERMINATION OF CYANIDES 

Cyanide is determined, after removal of 
sulfides, by precipitation with an excess of 
lead nitrate or lead carbonate. The cya¬ 
nide is then distilled into a solution of so¬ 
dium hydroxide. A little potassium iodide 
is added, and the distillate is titrated with 

6 !ii Slmw, J. A., Ind. Eng. Chem., 12, 676-7 
(1920). 

.'•02 TraverH, A., and Avenet, Compt. rend.^ 
190, 1015-0, 1128-9 (1930), 102, 62-3 (1931). 

668 WeiHser, F., Chem.-Ztg., 36, 1286-7 (1912). 

654 Strell, M., Qesundh.-lng., 62, 646 (1939). 
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(J.l N silver nitrate until a white precipi¬ 
tate of silver iodide forms.®®^* ®®®* ®®®' 

In any work on the determination of cya¬ 
nides, thiocyanates, or ferrocyanides, Wil¬ 
liams’®®® book on cyanide chemistry will 
prove useful. 

Cyanide and ferrocyanide may he deter¬ 
mined together by using the Prussian blue 
precipitate from the thiocyanate tletermi- 
nation. This is ignited and the ferric oxide 
weighed.®'** Weisser ®®® also described a 
method for determining cyanide by pre¬ 
cipitation as ferrocyanide. 

Spielman and Wood ®®* converted cya¬ 
nide to thiocyanate by boiling the liquor 
with ammonium polysulfide. The content 
of cyanide was then calculated by difference 
between the thiocyanate content in the 
original liquor and that after boiling with 
polysulfide. Thiocarbonate was also con¬ 
verted to thiocyanate by digesting the liq¬ 
uor at 70-75® C for 45 minutes; it could 
likewise be determined by the difference 
between two thiocyanate determinations. 

An examination of over 20 tests for cya¬ 
nides led Childs and Ball ®®^ to the conclu¬ 
sion that the Prussian blue, thiocyanate, 
silver nitrate, and phenolphthalin tests 
were most suitable for use on river or 
crude waters. The Prussian blue test is 
specific for concentrations of not less than 
4 parts per million. The thiocyanate test, 
although specific for cyanides and about 5 
to 10 times as sensitive as the Prussian 
blue test, was considered too comi)licated 
and tedious. The silver nitrate test, which 
depends upon the opalescence j)roduced on 
the addition of excess silver nitrate to a 
slightly acid solution of a cyanide, is not 

6.')5 Williams, H. E., The Chemistry of Cyano¬ 
gen Compounds, P. Blakiston’s Sons & Co., Phila¬ 
delphia, 1915, 423 pp. 

356 Spielman, P. E., and Wood, II., J. 8oc. 
Chem. Ind., 88. 43-5, 3C0-70T (1910). 

367 Childs, A. E., and Ball, W. C., Analyst, 
00, 294 (1035). 


specific, because halogen acids and sulfides 
interfere. The test is sensitive to 0.5 part 
per million. The phenolphthalin test, 
which depends upon the production of a 
red color by the oxidation of an alkaline 
solution of phenolphthalin to phenol- 
phthalein in the cold and upon the pres¬ 
ence of a cyanide and a weak solution of 
a cupric salt, is also not specific for cya¬ 
nide. Ferricyanide, halogens, sulfides, and 
phenol all interfere in various ways. It 
Is sensitive to 1 part hydrocyanic acid in 
20 million i)arts of water. The phenol¬ 
phthalin and silver nitrate tests were rec¬ 
ommended for cyanide concentrations of 
less than 0.2 part per million.®®* 

DETERMINATION OF OROANIC MATTER IN 
LIQUORS 

The organic matter in ammoniacal liq¬ 
uors is determined by oxidation of an acidi¬ 
fied solution with potassium permanganate. 
A number of different methods are de¬ 
scribed which differ only in the conditions 
of the permanganate oxidation. In order 
to obtain comparative results by a given 
method, the standardized conditions must 
be closely adhered to at all times. 

In the standard test of the American 
gas industry,®-*7 the sample, acidified with 
sulfuric acid, is digested with an excess of 
permanganate for 5 minutes at 85 to 00° C. 
Oxalic acid is used for back titration. The 
result, expressed as the number of cubic 
centimeters of 0.02 N iiotassium iierman- 
ganate required to oxidize the organic mat¬ 
ter in a liter of liquor, is termed the “or¬ 
ganic number” of the liquor. 

A similar test, u.sed by the American 
Public Health A.ssociation,®®® digests the 
sample for 30 minutes in boiling water, 

5 ,"i8 Rieknrd, R. E., Mining Mag., 59, 9, 93 
(1938). 

:»nu standard Methods for the Examination of 
Water rf Sewage, 8th «*cl.. Am. Pub. Health 
Ahmoc., New York, 1936, pp. 136-9. 
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with a definite strength of permanganate 
and acid. The results are expressed as 
parts of oxygen consumed per million parts 
of liquor. 

In the British gas industry,®®®* two 
tests are used, one the 4-hour test at 
27® C, the other the 3-mimite at 27® C for 
quick control tests. The name of the test 
indicates the time and temperature of the 
permanganate treatment. The results are 
expressed in parts of oxygen per 100,000 
parts of liquor. 

Kawe®®® has found that some perman¬ 
ganate was consumed when a pure, dilute 
solution, acidified with sulfuric acid, but 
containing no organic matter, was boiled. 
The manganese dioxide formed accelerated 
the decomposition and introduced a vari¬ 
able error. If the excess of oxalic acid was 
added to the sample immediately after 
heating to the boiling point, lower and 
more uniform results were obtained. 

In the permanganate tests, the organic 
matter is not all completely oxidized to 
carbon dioxide and water. Franklin and 
Silvester and Bailey have shown 
that, in the 4-hour test at 27® C, 1 gram 
of phenol required 1.77 to 1.78 grams of 
oxygen. This is about 75 percent of the 
theoretical oxygen requirement, 2.38 grams. 
Thiocyanate was completely oxidized, but 
only about 85 percent of the thiosulfate 
was eliminated.®®^ The least stable organic 
compounds are most readily attacked and 
destroyed, but, on the other hand, some 
organic matter may not be attacked at all. 
Thus, Ivekovic,*’®® cited urea as a com¬ 
pound which is not affected. 

500 Knwt*. A., Vorralspflcffe Lehensmittforsch., 
1, 557 (10.18), 

661 Pranklaiid, P. F., and Silvester, H., J. 8oc. 
Chem. Ind., 20, 2,11-7 (1907). 

562 Bailey, T. L., Ann. Itepts. Alkali, dc.. 
Works, 08, 28 (1927). 

Ivekovic, H., Plyn. Vodn, zdrav. Tech., 17, 
408-12 (1937) ; Chem. Zentr., 100, I, 143 (1938). 


Abbott®®^ has developed a method in 
which hot, concentrated sulfuric acid and 
potassium dichromate are used. With this 
drastic treatment, destruction of the or¬ 
ganic matter was found to be more com¬ 
plete. 

DETERMINATION OF PHENOLS 

Accurate determination of the phenols in 
amraoniacal liquors has been a difficult 
problem for several reasons. 

]. The term “phenols’^ includes not only 
phenol itself, but also its volatile homologs, 
notably the cresols. The compounds pres¬ 
ent, and their proportions, are seldom 
knowii, but all are determined and reported 
as The reactions of phenol and 

the cresols with the reagents used in the 
different tests are not the same. Neither 
do mixtures act in the same manner as 
might be predicted from the known reac¬ 
tions of the pure components.®®® 

2. Other compounds are present which 
interfere with the reactions, including am¬ 
monia, sulfides, cyanide, thiosulfate, and 
organic matter. 

3. Accurate determinations are required 
over a wide range of concentrations, from 
several grams per liter down to several 
parts per million or even per billion. 

4. Phenols are volatile and are lost from 
solution by exposure to the air. This is a 
less important factor, and errors from the 
source may be prevented by keeping sam¬ 
ple containers stoppered or by making the 
liquors alkaline with caustic soda. Phenols 
in very weak solutions decompose on stand¬ 
ing. Decomposition of phenol can be re¬ 
tarded by the addition of sodium hydrox¬ 
ide.®®® Owing to possible bacterial action 
on highly diluted phenol solutions, it is 

664 Abbott, W. E., Ind. Eng. Chem., 19, 919-21 
(1920). 

585 Shu-w, J. A., private communication, 1940. 

666 BayliK, J. 11., p. 212 of ref. 449. 
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advisable to analyze solutions as soon as 
possible and to make up standards daily by 
dilution of stock solutions.®®® 

A phenol determination therefore con¬ 
sists essentially of two parts: first, sejwira- 
tion of the phenols from the interfering 
substances, followetl by the actual determi¬ 
nation of the amount of phenols present. 
Although a variety of methods has been 
used to eliminate interfering comi)ounds, in 
most tests the phenols are ultimately dis¬ 
tilled from the sample before the actual 
determination. 

Methods for determining inonohydric 
phenols may be classified as follows: 

1. Bromomctric methods. 

a. Tilrimetric. 

b. Turbidometric. 

c. Gravimetric. 

2. lodometric methods. 

3. Colorimetric methods. 

a. Indophenol colors. 

b. Azo colors. 

c. Tungsten and molybdenum complexes 

with phosphoric acid. 

4. Misc'ellaneous methods. 

The methods aim to include the mono- 
hydric phenols, but not the polyhydric 
compounds which are but slightly volatile 
with steam. Horn ®®^ stated that catechol 
and a little of the naphthol are volatile m 
steam from acid solution, but most of the 
naphthol, some catechols, hydroquinone, 
resorcinol, pyrogallol, and phloroglucinol 
are not. 

On account of the differing reactions of 
the phenols, variations in the test condi¬ 
tions may cause serious errors in the re¬ 
sults. The investigators have endeavored 

to define conditions under which accurate 

0 

results on the mixture of compounds may 
be secured, and in many cases have 
checked their results on known synthetic 

567 Horn, M., Kleine Mitt. Mitglifd. Ver. 
Waiter-, Boden- u. Lufthyg., 5, 52 (1929) ; 

Chem. Aba., 24, 3304 (1930). 


mixtures of phenol and cresols. An analyst 
following a given method should therefore 
adhere closely to the specifications. 

Bromometric Methods. The differences 
between phenol and the cresols may be ex¬ 
emplified by the reactions which occur in 
the bromometric titration method. The 
reactions have been studied by Scott.®®® 
From the work of various investigators,®®® 
including Ditz and Cedivoda, Pence, and 
others, he concluded that o- and p-cresols 
differ from phenol and m-cresol in tending 
to form dibromo compounds in contrast to 
the tribromo compounds formed by the 
latter two: 

CfiHfiOH-fSBrz C6H2Br.«,OH-f 3HBR 
C6H4CH3OH + 2Br2 

reHaBraCH^OH + 2HBr 

In addition, 0 - and p-cresols may, m the 
presence of a large excess of bromine, fonn 
tetrabromo derivatives: 

C«H4CH80H -I- 4Br2 

CfiHBraCHsOBr 4HBr 

When hydriodic acid is added, the tetra¬ 
bromo compound may be incompletely re¬ 
duced to tribromocresol. Since the excess 
iodine is titrated, it is obvious that differ¬ 
ent results are possible, deiicnding ujion the 
proportions of the compounds jiroduced. 

Scott®®® established specifications for the 
test, including limitations on the quantity 
of phenols titrated. When his specifica¬ 
tions are used, he concluded that no appre¬ 
ciable error in results would be introduced 
by the variations in the proportions of 
phenol and cresols likely to be encountered 

668 Scott, R. D., Ind. Eng. Chem., Anal. Ed., 
3, 67-70 (1931). 

560 Ditz, H., and Cedivoda, F., Z. anal. Chem., 
38, 873, 897 (1899) ; Analyst, 25, 74 (1900). 
Pence, C. M., J. Ind. Eng. Chem., 4, 618-20 
(1912). 
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in practice. His titration method has been 
adopted by the American Public Health 
Association for determination of phenols 
in concentrations above 10 to 30 parts per 
million. 

In 1876, Koppeschaar first described 
the bromometric titration method for de¬ 
termination of phenols. The tribromo- 
phenols were formed, potassium iodide was 
added, and the iodine was titrated with 
thiosulfate. At first, Koppeschaar used 
bromine water to produce the brominated 
compounds, but later he substituted a bro- 
mide-bromate solution. The bromine 
evolved was allowed to react with the phe¬ 
nols for 15 minutes. The potassium iodide 
was added, the solution acidified with hy¬ 
drochloric acid, and the iodine titrated. 

A number of modified methods have been 
proposed by Scott and by other investi¬ 
gators,®^ * and some of them are used for 
determination of phenols in ammoniacal 
liquors in American practice. These in¬ 
vestigators described specialized treatments 
for the elimination of the impurities in 
their methods and have used bromide-bro- 
mate solutions. Travers and Avenet 
distilled the phenols from acidified liquor 
with superheated steam at 350" C. Sul¬ 
fides in the distillate were destroyed by the 
addition of hydrogen peroxide, the excess 
of which, in turn, was eliminated by neu¬ 
tralization and the addition of traces of 
cobalt nitrate. The solution was then ready 
for titration. 

Miinz purified his liquor by the addi¬ 
tion of ammoniacal cupric sulfate, then 
made it strongly alkaline with sodium hy- 

5T0 See pp. 253-4 of ref. 659. 

571 Koppeschaar, W. F., Z. anal. Chem., IS, 
233-45 (1870). 

572 Ulrich, F., and Kather, K., Z. angew, Chem., 
89. 229-32 (1926). Rosin, P., and Just, H., 
ibid., 42, 966-8, 984-7, 1002-7 (1929). Travers, 
A., and Avenet, Compt. rend., 190, 876-6 (1930). 
Mttnz, W., Brennetoff-Chem., 12, 8-4 (1981). 


droxide and distilled off the ammonia. The 
solution was neutralized with carbon diox¬ 
ide and the phenols distilled off in a cur¬ 
rent of the gas. The phenols were deter¬ 
mined in the distillate. After investigating 
six methods for phenol determination, 
Klempt and Ritter®^® concluded that this 
was the most accurate and reliable and the 
simplest in operation. 

Gosmeier-Kres ®^^ described two modi¬ 
fied Koppeschaar methods. In one the 
liquor is acidified, cupric sulfate added to 
react with the hydrogen sulfide, .and the 
phenols distilled off. The concentration of 
phenols in the distillate is determined either 
bromometrically or colorimetrically. In 
the other method, used in the Leuna Works 
in Germany, the liquor is treated with 
acetic acid and cadmium acetate to precipi¬ 
tate sulfides. The phenols are then distilled 
off, and the distillate is made alkaline and 
extracted with carbon tetrachloride to re¬ 
move imjiurities. The extracted liquor is 
acidified and phenols determined bromo¬ 
metrically. 

Phenols were extracted from the sample 
by Ulrich and Kather®^® with a solution 
of benzol and quinoline. The extracts we^’e 
washed with caustic soda, and the phenols 
were determined in the alkaline solutions 
by the bromometric titration method. Thi 
authors reported that, when a dilute solu¬ 
tion acidified with sulfuric acid was al¬ 
lowed to stand in contact with a standard 
bromide-bromate solution for 1 hour, 3.04 
to 3.14 moles of bromine per mole of phenol 
and the cresols reacted. 

Bach®^® used the bromometric titration 
method without addition of potassium io- 

673 Klempt, W., and Ritter, H., JJer. Cee. 
Kohlentech., 3, 302 (1980). 

674 GOsmeier-KreB, B., Brennstoff-Chem., 11, 
369-71 (1930), 17, 466-70 (1936). 

675 Bach, II., Oaa- u. Waaeerfach, 74, 831-4 
(1931). 
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dide. The excess bromine was titrated 
directly. 

A standard solution of bromine water 
has been recommended by Williams.®^® It 
is added in slight excess, the mixture is 
allowed to stand for 15 minutes, then potas¬ 
sium iodide is added, and the excess iodine 
is titrated with thiosulfate. The use of 
lead carbonate for removal of sulfide prior 
to the phenol determination is also recom¬ 
mended. 

Brominated phenol and cresols are in¬ 
soluble in water. The turbidity which is 
produced in a solution of these phenols has 
been ingeniously utilized for their determi¬ 
nation by Shaw.®^^ His method has been 
employed extensively in the United States. 
Ten cubic centimeters of the liquor is acidi¬ 
fied and subjected to a specialized steam 
distillation. The distillate is divided into 
portions which are diluted until the con¬ 
centration of phenols lies between 30 and 
35 parts per million; it is brought to 20® C, 
bromine water is added, the mixture is 
shaken, and the turbidity is instantly com¬ 
pared with 30- and 35-part-per-milhon 
standards. The method is applicable to 
concentrations down to 75 parts per mil¬ 
lion, and a modification is available for 
lower concentrations. A determination by 

this method is said to take 20 minutes. 

• 

Rose and Sjierr described a method for 
plant control tests which is similar but dis¬ 
penses with the distillation. A compact, 
all-glass apparatus for the distillation has 
been described by Meanes and Newman.®^® 

After investigation of existing methods, 
the Shaw method was preferred by Kazach- 

S70 WUliama, R. D., Ind, Eng. Chem., 19, 530-1 
(1927). 

677 Shaw, J. A., Ind. Eng. Chem., Anal. Ed., 
1. 118-21 (1029), 3, 273-4 (1931). 

678 Rowe, H, J., and Sperr. F. W., Jr., Am. Oan 
A 880 C. Monthly, 2, 117-20, 326 (1920). 

579 Maanes, E. A., and Newman, E. L., Jnd. 
Eng. Chem., Anal. Ed., 6, 375 (1934). 


kov and coworkers.®®® They recommended 
that the impurities be precipitated with 5 
percent silver nitrate, and the solution be 
distilled without separating the precipitate. 

A gravimetric method for the determina¬ 
tion of phenols has been described by the 
chemists of the United States Steel Cor¬ 
poration.®®® An excess of bromine is added 
to a sample of the liquor. The solution is 
acidified and held at a temperature of 
70® C for several hours so that reaction is 
complete. The precipitate is filtered, dried, 
and weighed. It is considered to be all 
tribromophenol, and from this weight the 
concentration of phenol is calculated. The 
method is stated to give approximate re¬ 
sults. In 1910, Autenrieth and Beuttel ®®^ 
described a similar method. The solution 
w^as shaken for 10 to 15 minutes with an 
excess of bromine water and allowed to 
stand for 4 to 6 hours. The authors con¬ 
cluded that each molecule of the precipi¬ 
tate contained four atoms of bromine in¬ 
stead of three. Unsatisfactory results were 
obtained with o- and p-cresol. 

lodometric Methods. lodometric meth¬ 
ods for phenol determination are based on 
the work of Skirrow.®®^ The phenol is dis¬ 
tilled from the gas liquor with water and 
converted into triiodoiihenol by treatment 
of an alkaline solution with a known ex¬ 
cess of standard iodine solution. The ex- 
ce.ss of iodine is titrated with thiosulfate 
after acidification, and the phenol present 
is calculated from the iodine consumed. 
Sulfides and cyanides must be eliminated 
before the distillation. Cyanides are first 
converted to thiocyanate by the addition 
of an excess of ammonium polysulfide. 

6ko Kazachkov, L. I., ct al., Pkrain. Khem. 
Zhur., S, Tech. Pt. 205-23 (1930) ; Chem. Aba., 
SS, 5005 (1931). 

681 Autenrieth, VV., and Beuttel, F., Arch. 
Pharm., 248, 112 (1910). 

582 Skirrow, F. W., J. 8oc. Chem. Ind,, 27, 
58-63 (1908). 
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After the reaction is complete, the excess 
sulfides are precipitated, most conveniently 
by treatment with lead carbonate. The 
lead sulfide and excess carbonate are fil¬ 
tered off; the solution is made alkaline 
with sodium hydroxide and evaporated 
until salts begin to crystallize. This re¬ 
moves ammonia and other volatile com¬ 
pounds. After cooling, dilution, filtration, 
and acidification, the separation of the phe¬ 
nols by distillation is effected. The com¬ 
plete method takes considerable time, but 
Rose and Sperr recommended it for 
exact work. The method with slight'modi¬ 
fications is used by the gas industry in 
Great Britain.®^”* 

In a modification of the Skirrow 
method,®®® the ammonia is removed in the 
above manner. The diluted solution is then 
slightly acidified with nitric acid, and a 
slight excess of silver nitrate is added to 
precipitate the sulfides, cyanides, and thio¬ 
cyanates. The excess silver nitrate is pre¬ 
cipitated with chloride. Sodium bicarbon¬ 
ate is added to the filtrate, and the phe¬ 
nols are distilled off. The distillate is also 
made slightly alkaline with sodium bicar¬ 
bonate, and excess of iodine is added. After 
standing for exactly 5 minutes, the solution 
is acidified with hydrochloric acid and the 
excess iodine is titrated with thiosulfate. 
The amount of excess iodine should be 
carefully regulated. 

In this and other modified methods, dis¬ 
tillation of the phenols is made from solu¬ 
tions close to neutral, in order to prevent 
contamination of the distillate with acidic 
compounds. The pH of the distillate to 
which the excess iodine is added is also con¬ 
trolled in order to insure that the triiodo- 
phenols are formed. In another method,®®® 
both purified liquor and distillate are buf¬ 
fered by addition of sodium tetraborate. 
Before the distillation, the liquor is puri- 

583 Private communication, 1933. 


fied by the addition of cupric sulfate and 
sodium hydroxide, then boiled to eliminate 
the ammonia. 

Horn ®®^ described a method of purifica¬ 
tion in which lead acetate is added to the 
sample under test. After standing for 24 
hours, the filtrate is acidified and distilled 
until the distillate gives no test for phenol. 
Calciiun carbonate is added to the distil¬ 
late, and the mixture is redistilled. The 
final distillate is used for the iodometric 
titration. 

After removal of the impurities, Pie¬ 
ters®®^ added disodium phosphate to the 
solution, and then an excess of 0.1 iodine 
solution. After 20 minutes, the excess io¬ 
dine was titrated. 

Dehe®®® recommended that the sample 
be purified by the addition of zinc acetate 
solution, silver nitrate, and sulfuric acid, 
and shaken for 3 to 5 hours. The mixture 
is filtered, a few drops of hydrogen perox¬ 
ide added, and the solution steam-distilled 
until all phenols are over. The distillate is 
then made alkaline with caustic and evapo¬ 
rated. The residue is dissolved in water, 
and aliquot portions are treated with stand¬ 
ard iodine solution at 50 to 60® C. Aft^r 
cooling, they are acidified, and the excess 
iodine is titrated with thiosulfate. 

Colorimetric Methods. Phenols react 
with a number of organic compounds to 
form dyes, several of which have been used 
to measure quantitatively the phenols pres¬ 
ent by colorimetric means. These methods 
have been employed extensively to deter¬ 
mine small concentrations of phenols, par¬ 
ticularly the low concentrations often en¬ 
countered in water and sewage. The 
methods are very delicate, and all-glass 
apparatus is essential. 

r*84 Pipters, H. A. J., Chem. Weekhlad, 26, 
28(i (1929), 27. 334-7 (1930), 82, 608-10 

(1935). D’Ans, J., Z. anal. Chem., 90, 1-0 
(1934). 

585 Dehe, H., Chem. Ztg., 52, 983-6 (1928). 



AMMONIACAL LIQUOR 


1478 

A reagent used widely in the United 
States is 2,6-dibromquinone chlorimide, 
which produces a blue color, one of a num¬ 
ber known as indophenols. Gibbs®®® in¬ 
vestigated these compounds and first de¬ 
scribed a method for detecting phenols by 
means of the 2,6-dibromquinone chlorimide. 
Baylis®®^ developed a quantitative proce¬ 
dure, which is now standard with the Amer¬ 
ican Public Health Association.®®® 

Gibbs ®®® has shown that the pH of the 
solution is an important factor in the rate 
of indophenol formation. The mo.st desir¬ 
able pH appears to be about 9.6, and it 
should not vary from this value more than 
about 0.3 pH either way. The pH of the 
samples and the standards for any one 
test should not vary more than 0.1 pH. 
The high buffering which this close control 
demands is achieved by means of an alka¬ 
line sodium borate solution. 

Baylis ®®® reported that no compounds 
which give the characteristic blue indophe¬ 
nol color with the Gibbs reagent have been 
found so far, except phenols. No color is 
produced by p-cresol, and the reagent is 
not satisfactory if this compound is pres¬ 
ent. A yellow color is given by aspartic 
acid, which has been found in the waste 
liquors from byproduct coke-oven plants. 
o-Cresol seems to produce a greater in¬ 
tensity of blue color than pure phenol. 
Theriault reported that, under certain 
restrictive conditions in iiolluted waters, 
concentrations of 1 or 2 parts per billion 
have been detected by this test. 

Methods for estimating small quantities 
of phenols in water supplies require the 

fiSOQibbs, H. D., J. Biol. Chem., 72, 648-64 
(1927); J. Phys. Chem., 81, 1053-81 (1927). 

687 See Baylis, J. R., Chapter 8 of ref. 449. 

#88 See pp. 247-51 of ref. 659. 

889 Baylis, J. R., J. Am, Water Works Assoc., 
19, 697-604 (1928). 

890 Theriault, E. J., Ind. Eng. Chem., 21, 
343-6 (1929). 


water to he alkaline. Consequently, when 
more than a few parts per million of cal¬ 
cium and magnesium compounds are pres¬ 
ent, the samples must be distilled; other¬ 
wise precipitates will occur.®®® Distillation 
also serves to separate phenol from inter¬ 
fering compounds. For determinations on 
trade wastes^ it may be necessary to apply 
purification treatments similar to those de¬ 
scribed for the determination of phenols 
by other methods. 

Houghton and Felly ®®^ described a col¬ 
orimetric method by which the phenol is 
oxidize'd with hypochlorite in the presence 
of dimethyl-p-phenylenediamine to an in¬ 
dophenol. They reported that the method 
is .sensitive to 10 parts per billion. 

Azo colors have been produced by cou¬ 
pling phenol find diazotized reagents. A 
method using diazotized sulfanilic acid to 
produce a yellow to orange color, developed 
by Fox and Gauge,®®2 has been adopted by 
the American Public Health Association ®®® 
as an alternative to the indophenol test. 
The color is compared with that of a stand¬ 
ard phenol solution. 

Donaldson and Furman ®®® have de- 
.scribed a modified Fox and Gauge method, 
m which platinum color standards are used. 
The phenols are distilled from the sample. 
They estimated that this method gives bet¬ 
ter than 90 percent of the total phenols 
present. In another modification by the 
chemists of the United States Steel Cor¬ 
poration,®®® the phenols are separated if 
necessary from interfering substances by 
extracting the sample with ether. The ex¬ 
tract is washed in turn with caustic soda 
solution, and the phenols are determined 
on the second extract. 

581 Houghton, A. V., and Felly, R. G., Ana¬ 
lyst, 02, 117 (1937). 

899 Fox, J. J„ and Gauge, A. J. H., J. Soo. 
Chem. Ind., 88, 260T (1920). 

608 Donaldson, W., and Furman, R. W., J. Am. 
Water Works Assoc., IR, 605-20 (1927). 
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Use of p-nitroaniline, which produces a 
red color, was reported by Hilpert and 
Gille to give greater accuracy. Thymol 
was used to prepare the comparison 
standard. 

Nolte found that polyvalent phenols, 
such as resorcinol, gave the p-nitroaniline 
reaction only in amounts 10 to 20 times 
those of phenol and cresols. Values ob¬ 
tained by this method corresponded satis¬ 
factorily, therefore, with the concentrations 
of phenols in the sample which were vola¬ 
tile with steam. The p-nitroaniline method 
was reported by Folpmers to give vari¬ 
able results unless precautions were taken 
to prevent the formation of iihenols from 
traces of organic matter also present. He 
described a standardized method of avoid¬ 
ing this danger. 

Reagents composed of tungsten and 
molybdenum complexes with phosphoric 
acid have been proposed for the detection 
and estimation of phenols by the colors 
produced. The reagents, first jiroposed by 
Folin and Denis,®®^ have been widely em¬ 
ployed. Since the reagent is very sensitive 
to mild reducing influences, it is not spe¬ 
cific for phenol or for anything except a 
reducing influence. It is, however, jiossible 
by means of this determination to say that 
phenols are not present above a certain 
concentration.®®® Procedures for the deter¬ 
mination of phenols in water by the Folin 
and Denis method have also been de¬ 
scribed by Vorce ®®* and by the United 
States Steel Corporation.®'*® The test is 
sensitive to 1 jiart per million. 

b 94 Hilpert, S., and Gille, R., Angew. Chem., 
4<l, 326-8 (1933). 

595 Nolte, P., Chem.-Ztg., 57. 054 (1933). 

590 Polpmers, T., Chem. Weekhlad, 31. 330-3 
(19.34). 

697 Folin, O., and Denis, W., J. Biol. Chem., 
12, 239-43 (1912). 

508 Vorce, L. R., Ind. Eng. Chem., IT, 761 
(1925). 


Miscellaneous Methods. The determina¬ 
tion of phenols in waste liquors by conduc¬ 
tometric titration has been proposed by 
Lapshin.®®® The sample was acidified with 
acid, 5 percent in excess of that required 
for the phenol, cupric sulfate was added to 
react with hydrogen sulfide, and the solu¬ 
tion was distilled. The distillate was then 
titrated. 

Dehe ®®® prepared a solution buffered at 
a pH of 11.04, and then titrated the phe¬ 
nols with 0.1 V sulfuric acid to a pH of 
8.4, using phenolphthalein as the indicator. 

Odor and taste tests on waters are useful 
in detecting the presence of phenols, par¬ 
ticularly in chlorinated samples.®®®' ®®® 

DETERMINATION OP POLYHYDROXY PHENOLS 

Accurate methods for the determination 
of polyhydroxy phenols in liquors are not 
available. Several methods have been de¬ 
veloped for their estimation, based on the 
oxygen-absorbing property of catechol, 
hydroquinone, and pyrogallol, among other 
polyhydric phenols. Resorcinol, on the 
other hand, absorbs no oxygen under the 
same conditions, and its solution remains 
colorless.®**® 

A special Bunte buret ®®®' ®'*®' ®®^ is used 
in one test. A small sample of the liquor, 
about 15 cubic centimeters, is drawn into 
this buret and then fl cubic centimeters of 
10 percent sodium hydroxide solution. The 
contents of the buret are shaken in contact 
with the air until no further contraction 
occurs. The contraction is used to calcu¬ 
late the concentration of higher tar acids 
in parts of oxygen absorbed per 100,000 
parts of liquor. 

The polyhydroxyphenols have been de¬ 
termined colorimetrically by comparing the 

699 Lapshin, M. I., Zavodakapa Lab., 6, 1455- 
60 (1937) ; Chem. Aba., 32, 2461 (1938). 

600 See pp. 16-9, 126-7 of ref. 669. 

601 Bailey, T. L., Gaa J., 170, 37-8 (1927). 
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color of the sample when shaken under 
standardized conditions in air with that of 
a freshly prepared solution of catechol made 
up with similar amounts of ammonia, thio¬ 
cyanate, and thiosulfate to those in the 
liquor. The color tints of the unknown and 
the standard were compared and the re¬ 
sults expressed in terms of catechol. 

The polyhydroxy phenols have also been 
estimated from the oxygen absorption of 
the liquor as determined by the 4-hour 
permanganate test at 27“ C. The oxygen 
absorptions for the sulfide, phenols, thio¬ 
cyanate, and thiosulfate, which have been 
determined by previous analyses, are cal¬ 
culated. When these values are subtracted 
from the total oxygen absorption, that 
value which remains unaccounted for is 
expressed as a “difference” figure. It is 
due largely to higher tar acids, partly to 
other substances, and possibly to variations 
in the oxygen absorptions of the other com¬ 
pounds.®^ 

Bock and Lock have described meth¬ 
ods for determination of such phenols as 
hydroquinone, catechol, resorcinol, and 
others. The hydroquinone is oxidized with 
ferric chloride in water, extracted with 
chloroform and benzene, and titrated with 
iodine. By this method, hydroquinone can 
be determined in the presence of phenol, 
resorcinol, and other polyhydroxy phenols, 
either because the phenols do not give an 
oxidation product with ferric chloride or 
because the products are insoluble in 
chloroform. Catechol must be removed be¬ 
fore the test by precipitation with lead 
acetate. It may be determined in the same 
way. The concentration in the sample ti¬ 
trated should not exceed 0.05 percent. 

In the investigations of Morgan, Pratt 

602 BOck, F., and Lock, G., Monatsh., S8-4, 
888-&6 (1929). 


and Pettet,^®’ and Gluud,®‘^® on aqueous 
liquors from the low-temperature carboni¬ 
zation of coal, the phenols were recovered 
by extraction with ether. Gluud acidified 
the liquor with hydrochloric acid, then ex¬ 
tracted the ether. Catechol was separated 
from the extract by treating it with 40 per¬ 
cent calcium chloride solution and concen¬ 
trated ammonium hydroxide. The aque¬ 
ous layer was acidified and extracted in 
turn with ether. The catechol recovered 
was purified by ether extraction. 

Morgan and his coworkers sepa¬ 
rated the organic matter in low-temperature 
liquor for analysis and identification of 
individual compounds by a series of extrac¬ 
tions with different solvents. The i)henols 
were extracted with ether from liquor satu¬ 
rated with carbon dioxide. The procedure 
would be unsuitable for ordinary analytical 
work. 

MISCELLANKOUS ANALYTICAL METHODS 

Benzene has been determined in ammo- 
niacal liquor by adsorjition on activated 
carbon, according to Miinz.®^- The ben¬ 
zene is then steamed from the carbon and 
distilled. 

Tar in ammoniacal li(]uor has been de¬ 
termined by Jimgblut by extraction, 
preferal)ly with carbon disulfide. Phenols 
are removed from the extract by washing 
with caustic, and i)yridine bases by an acid 
wash. The solvent is then evaporated. A 
correction to the weight of residue is nec¬ 
essary in order to make up for tarry mat¬ 
ter evaporated. Ether is used as the sol¬ 
vent in a similar method by the chemists 
of the United States Steel Corporation.®®® 

Ultraviolet light has been used by Shnid- 

eu3 Gluud, W., Oea. Abhandl. Kenntnia Kohle, 
8 . U6-74 (1918). 

6a4Jungblut, C., Ann, chim, anal. chim. appl., 
14, 337-9 (1932). 
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man for the analysis of turbid or highly 
colored solutions, including ammoniacal 
liquors. 

Reviews 

A number of surveys of the ammoniacal 
liquor problem have been made, to most 
of which reference has already been made. 
Attention should be called to Lungers Coal 
Tar and Ammonia,^'^ because of the com¬ 
prehensive review of earlier ])ractices in the 
industry which it furnishes. The British 
Institution of Gas Engineers has prepared 
suihmaries for their transactions, such as 
the reports of Parker®®® and of Key,’^ and 

605 Shnidnian, L., Proc. Am, Oas Assoc., 1930, 
005. 

006 Parker, A., Gas J., 179, 101-3, 172-5 
(1927). 


a report on methods for disposal of the 
liquor has been made by the French gas 
industry.®®^ 

Books which contain information on am¬ 
moniacal liquor and its treatment are those 
of Jacobson ^ and Morgan.®®® Ammoniacal 
liquor is closely related to the fertilizer in¬ 
dustry. Information on fertilizers is sum¬ 
marized annually in the American Fertilizer 
Handbooks.^''^ 

607 Assoc, technique de Vindustrir dn gaz en 
France, S»c. teoh. guz, Paris, 1935, 337 pp. 

608 Morgan, J. J., Textbook of American Gas 
Practice, Vol. 1, 2nd ed., Jerome J. Morgan, 
Maplewood, N J., 1931, 969 pp. 

600 Amertcna Fertilizer Handbook. Publislied 
on Jul> 1 of each year by Ware Bros. Co., 
Philadelphin. 
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COMBUSTION IN FUEL BEDS 
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Combustion Engineering 

Of the 450 million tons of coal mined in 
the United States in 1940 about 80 mil¬ 
lion tons ^ was converted to coke, and only 
the coke was burned in the fuel beds of 
blast furnaces, gas producers or generators, 
or domestic heating units. Of the re¬ 
mainder, perhaps one- or two-tenths is 
consumed as powdered coal in large utility 
and industrial jiower plants; the remainder 
of all the coal that is mined is burned in 
fuel beds for the generation of heat, power, 
or gas. Thus, it is not an exaggeration to 
say that the great coal industry exists pri¬ 
marily for the purpose of supplying the 
nation's fuel beds; these necessary adjuncts 
to an industrial civilization form the sub¬ 
ject of this report. 

Fuels have been burned in beds since 
the earliest times; the primitive charcoal 
fire, made by burning wood in a pit until 
a heap of glowing char accumulated in it, 
had all the essential characteristics of a 
fuel bed. Exam])les of iircsent-day fuel 
beds include the open grate fires used 
abroad for heating and ventilation; heating 
and cooking stoves and central heating fur¬ 
naces fired with solid fuels; iiower boilers, 
either hand-fired or equijiped with stokers 
—chain-grate, underfeed, or spreader; 

1 Minerals Yearbook, Review of 19^0, U. S. 
Bup. Mines, 1941, p. 708, Table IV. 


blast furnaces, gas producers, and water- 
gas generators. 

Several books on fuels are available, al¬ 
though none is very recent; * their exist¬ 
ence makes it unnecessary to examine the 
early literature in detail. Moreover, many 
journals» are devoted almost entirely to 
one phuvse or another of the problems of 
combustion; an exhaustive bibliography 
would contain practically complete indices 
to these organs. This has not been at¬ 
tempted; only articles selected from these 
sources as having special significance are 
referred to; the diligent worker in this 
field, however, will find much to repay him 
for time spent reading through files of 
these journals. 

OPEN FIRES AND GRATES 

Open fires have long lieen customary in 
Great Britain for most household heating. 

2 Bacon, R. F., anrl Humor, W. A., American 
Fuels, McGrnw-llill Book Co., New York, 1922, 
2 vols., 1257 pp. riaslam, K. T., and ItuRsoll, 
K. P., Fuels and Their Combustion, McGraw-Hill 
Book Co., New York, 192C, 809 pj). Marcard, 
W., Kostfeucrungen, Ver. dent. Ing. Verlag, Ber¬ 
lin, 1934, 138 pp. 

s Combustion: Power: Power Plant Engi 
neering; Fuel; Inst. Fuel; Colliery Unardian; 
Brennstoffdiem.j Feuerungstech.; Wiirme; 
Itraunkohle: Brennstoff- u. Wdrmeicirt.; Khim. 
Trerdogo Topliva. Also large parts of Mech. 
Eng.; Heating d Ventilating; Trans. Am. Boc. 
Mech. Engrs.; Trans. Am. Inst. Mining Met. 
Engrs.; Engineering; Trans. Inst. Mech. Engrs.: 
Z. Ver. deut. Ing.; Z. tech. Physik. 
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The standard open fire consists merely of 
a hearth or basket of iron gratework, set 
in a fireplace and served by a chimney flue. 
The chimneys are based largely on designs 
by Count Rumford,^ but the grates and 
hearths in general use apparently “just 
grew.” Britain's blessing of abundant good 
coal has here resulted almost in a curse; 
it was so easy to burn the coal available 
without taking special pains that little at¬ 
tempt was made to improve matters be¬ 
yond merely satisfactory results. The in¬ 
creasing smoke pall, however, and the need 
of the gas industry to secure a revenue 
from the sale of the coke made as a by¬ 
product of their gas production has pro¬ 
duced, i)articularly since World War I, a 
strong organized effort to produce grates 
on which high-teni])erature coke can be 
burned successfully.® This has led not only 
to improved grates, as such, but also to 
iinjiroved ignition means; to fireplaces in 
which a considerable amount of heat is 
returned to the room by means of air 
heated by convection by the flue gas, and 
to a new model method of investigating 
fireplace and chimney action.^ 

HAND-FIRED HEATERS AND BOILERS 

This classification includes all hand-fired 
units with enclosed furnaces from the small 
“cannonball” stove through all the classi¬ 
fications of warm-air furnaces and heating 
boilers, hand-fired with coal or coke, with 
heat liberation rates up to about 2 million 

1 Thomi)»on, IL, Essnys, T. Cadfll, Jr., and 
W. Du vies, Loudon, 5th ed., 1800, p. 350. See 
also Rosin, P., J. Imt, Fuel, 13, 198-230 

(1939). 

5 Hales, J. S., Dept. 8ci. Jnd. Research 
{Brit.) Fuel Research Tech. Paper, 40, (1937), 
50 pp. Blackie, A., J. Inst. Fuel, 12, 20-4 
(1938). Blaekie, A., and Bruckshaw, J. M., 
ibid., 12, 24-7 (1938). Moss, W. C., ibid., 14, 
93-7 (1941). 

«Esselboru, M., Feucrungstech., 27, 174-5 
(1939). Thau, A., ibid., 27, 175-6 (1939). 

7 Rosin, P., ref. 4. 


Btu per hour; small industrial boilers of 
the Lancashire type in Great Britain and 
the horizontal return tubular (H.R.T.) or 
locomotive types in this country—although 
many of these are now equipped with 
stokers; and locomotive and marine boilers, 
as well as hand-fired water-tube boilers. 

These units all have as their basic struc¬ 
ture a set of horizontal grates which sup¬ 
port the fuel bed and which have openings 
through them for the passage of primary 
air for combustion. There is an almost 
infinite number of grate designs, as every 
small foundry has developed its own type 
of grate, but few, if any, have any really 
outstanding characteristics. Certain fea¬ 
tures of design arc essential;* the grate must 
allow sufficient free cross-sectional area for 
the passage of the necessary amount of air 
with the draft available across the grate, 
which is only a fraction of that across the 
grate and fuel bed; its metal parts must be 
so designeil that they will be adequately 
cooled by the primary air flowing through 
the grate at its lowest rating; and it must 
allow of agitation, or rocking, in order to 
remove the ash or clinker that is deposited 
on it as the fuel is burned out, so that the 
resistance of the fuel bed may be main¬ 
tained within the projicr limits. 

Units such as these have all the features 
which characterize fully developed combus¬ 
tion equipment in greater or less degree. 
In addition to the fuel bed, they consfet of 
a furnace, totally enclosed, in which the 
combustion reactions are completed, of 
heating surface beyond the furnace in 
which heat is transferred from the hot 
flue gas to the material to be heated, and 
of means for the control of the load or 
rating by control of the flow of air and 
gas through the unit. 

The furnace may be equipped for the 
admission of secondary air to complete the 
burning out of the combustible flue gas 
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rising from the fuel bed.® The slots in the 
fire door of a standard heating unit serve 
this purpose; larger units may be equipped 
with steam jets or other mechanical means 
of injecting secondary air into the furnace. 
Though there are empirical rules for pro¬ 
portioning furnace volume,® the available 
evidence^® indicates no relation between 
furnace volume of heating boilers, or its 
thermal loading, and the liability of such 
units to objectionable smoke. 

The heating surface in such units may 
consist of convection surface for the trans¬ 
fer of heat to steam or hot water, as in 
power or heating boilers, or for transfer to 
circulating warm air for heating; or it may 
consist of the goods or ware to be heated 
as in ceramic kilns. In any event, the area 
for gas flow must be so proportioned that 
the desired rating may be obtained with 
the draft available, and, for economical 
operation, the surface must be adequate to 
abstract enough heat from the gas to lower 
the flue gas at exit from the heating sur¬ 
face to a relatively low temperature. The 
resistance to gas flow through banks of 
tubes has been quite thoroughly investi¬ 
gated,^^ but the resistance of other arrange¬ 
ments of heating surface is not yet well 
known. Individual manufacturers of heat¬ 
ers have determined the draft losses 
through their own \mits, in which the spe¬ 
cific arrangement of surface is known, and 

8 Blizard, J., Neil. J., and Houghteii, F. C., 
Bur. Mine», Tech. Paper 303 (1022), 50 
pp. Brooks. II. W., Orr, M. L., Myler, W. M.. 
Jr., and Herbert, A., J. Am. 8oc. Heating 
Ventilating Engrg., 31, 185-214 (1925). 

oCarr, U. R., Power, 70, 596-7 (1935). 

iorro88,*R. C., Sherman, R. A., and Ostborg, 
H. N., A Field Survey of the Uelatlon oj Com¬ 
bustion Space and Setting Height to Smoke 
When Firing Bituminous Coal with Underfeed 
Stokers, Battelle Memorial Institute, Columbus, 
Ohio, 1939, 33 pp. 

11 Pierson, O. L., Trans. Am. Soc. Mech. Engrs., 
S9, 563-72 (1937). Huge, B. C., ibid., 59, 573- 
81 (1037). Grimison, B. D., ibid., 59, 583-94 
(1937). Bohm, J., Wdrme, 62, 425-31 (1930). 


these data are published in their hand¬ 
books,^® but the data have not been re¬ 
duced to a general formulation. Methods 
for predetermining the draft loss in kilns 
and furnaces in which the ware is directly 
exposed to the heating gases are not knp.wii. 

Control of the air and gas flow through 
such small heating units is usually accom¬ 
plished by means of dampers and adjust¬ 
able doors. Some kilns have no such pro¬ 
vision; the entire control then depends on 
proper placing of the coal in firing.^® 
Proper manipulation of the controls is es¬ 
sential for the successful firing of small 
units. The care, maintenance, and opera¬ 
tion of such control devices are discussed 
in various operating manuals and instruc¬ 
tion books.^^ 

Successful operation of hand-fired units 
depends primarily on the skill with which 
they are fired. For small, low-rated units, 
such as those for domestic heating, two 
general methods of firing bituminous coal 
are recommended, namely, alternate and 
cone firing. In alternate firing^® the bed 
of hot coke remaining from previous firings 
is raked to one side of the firebox, and fresh 
coal is charged in a pile on the other side 
so that it may be coked by heat radiated 
from the freely burning coke. It is essen¬ 
tial for economical, smokeless operation 
that a considerable area of ignited coke be 
left uncovered to assure the combustion of 
the volatile matter of the coal being coked. 

IS Heating, Ventilating, Air Conditioning 
iinide, lim. Am. K(k*. Heating Vent. Kiigta., 
New York, 1942, 1160 + 91 pp. See eapecially 
pp. 179-96. 244-6, and 371-5. 

13 Rice, W. B., and Auatin, C. R., U. S. Bur. 
Mines, Tech. Paper 598 (1939), 34 pp. Fox, J., 
J. Inst. Fuel, 12. 257-80 (1939). 

14 Beek, C. V., Modern Combustion, Mid-Weat 
Coal Retailer, Chicago, 1931, pp. 200-13. Liebe- 
tanz, R., Feuerungstech., 25, 300-1 (1937). See 
alHO pp. 160-5, 168-72, 179-82, 647-96, 988- 
1014 of ref. 12. 

15 Anon., Fuel Engineering Bata, Appalachian 
Coala, Inc., Cincinnati, 1936, Sect. IV, p. 5. 



CHAIN- OR TRAVELING-GRATE STOKERS 


1485 


In firing by the conical method/® which is 
said to be applicable especially to low-vola¬ 
tile coal, the coke remaining from a pre¬ 
vious firing is broken up and distributed 
to the sides of the fuel bed, and fresh coal 
is charged in a conical pile in the center of 
the bed. Here, again, the ignited coke 
must be left uncovered, in a ring extending 
around the cone, to assure the combustion 
of the volatile from the fresh charge. Of 
course, in firing anthracite coal or coke 
it is unnecessary to take these precautions; 
the fresh charge is simply fired uniformly 
on top of the bed. It is advisable, how¬ 
ever, if the whole surface of the bed is 
covered, to open the drafts and allow the 
fire to ^^come up” until flames break 
through the top of the bed in order to 
avoid danger of gas entering the heated 
space or of “puffs” or slight explosions. 
Since about 1935 there has been consider¬ 
able development of stoves and heaters for 
the smokeless hand-firing of bituminous 
coal.^^ In all these units the volatile por¬ 
tions of the fuel are drawn through part 
of the actively burning fuel bed so that 
they may be completely burned. Many of 
the units have hopper or magazine capac¬ 
ity enough so that coal for a relatively long 
period may be fired at one time. 

In hand-firing larger units, such as small 
industrial boilers, locomotives, and marine 
boilers (except those known as Western 
River boilers), good practice dictates keep¬ 
ing a light fire, and firing little and often.^® 
Each scoopful of coal is spread out thin 
and is fired in such a way as to cover any 

16 19^1 Manual of Ordinances and Require- 
ments. Smoke Prevention Ashoc. of America, 
Chicago, 1941, 17G pp. See pp. 30-1. 

17 Fellows, J. R., Mech. Eng., 01, 278-80 
(1939). See also pp. 87-91 of ref. 16. Piersol, 
R. J., pp. 84-7 of ref. 16. 

18 Kreisinger, H., U. S. Bur. Mines, Tech. 
Paper 80 (1916), 83 pp. 


thin spots that may be developing. In 
this way, a light even bed is maintained 
which is uniformly bright all over. 

Among fuel beds that are fired inter¬ 
mittently from the top and thus are simi¬ 
lar to those considered above, even though 
the firing may be done mechanically, may 
be included those of foundry cupolas and 
blast furnaces and gas producers and 
water-gas generators.^" 

CHAIN- OR TRAVELING-GRATE STOKERS 

Chain- or traveling-grate stokers are ex¬ 
tensively used in this country and abroad 
for firing free-burning fuels, such as anthra¬ 
cite,coke (usually in the small “indus¬ 
trial” sizes), and the lower-rank bituminous 
coals and lignites; they are also used abroad 
and, to some extent in this country, for 
firing high-rank coking bituminous coals. 
They are made in various sizes, up to grate 
areas of about 400 square feet, in single 
units, and in Great Britain, to 37 feet wide 
by 22 feet long, in double units. The 
older, natural-draft units were limited to 
ratings of about 15 pounds of coal per 
hour per square foot of stoker area, but the 
modern forced-draft types, like that in Fig, 
1, are capable of ratings up to perhaps 
40 pounds per square foot per hour.-- 
Such stokers are especially well adapted to 
the use of coals having relatively high ash 
content and low ash-fusion temperature be¬ 
cause there is slight danger of serious 
clinker trouble since the fuel bed is little 
disturlxid in its passage through the fur¬ 
nace. 

In this type of stoker, the fuel is fed 
from a hopper onto a continuously moving 

i» See Chapter 24. 

20 See ChnpterN 36 and 37. * 

21 .lohnHon, 10. B., J. Inst. Fuel, 12, 177-97 
(1939). 

22PrPHHer, H., Qluckauf, 05, 981-91 (1929); 
Arch. Warmewirt., 18, 289-42 (1937). 
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grate made up of chain or grate elements 
linked together to form a continuous loop 
passing over sprockets at either end of the 
furnace. The •depth of the fuel on the 
grate is regulated by the position of a gate, 
or guillotine door, immediately back of the 
hopper. This is one of the most important 
adjustments in the operation of these stok¬ 
ers, and many writers have considered the 


sion of fuel into heat are given in pub¬ 
lished descriptions 

The furnaces for such stokers have, in 
the i)ast, generally been built with long 
rear and front arches to secure adequate 
mixing of the streams of gas from the ends 
of the stoker. The gas from the front end 
generally is rich, containing large amounts 
of volatile matter; that from the rear end, 



Fig. 1. Forced-draft chain-grate stoker. 


proper depth of bed for various condi- 
tions.2^ Heavier fires are carried in this 
country than are customary abroad with 
free-burning fuels, but in burning coking 
coals in Great Britain, much deeper tires 
are carried. Tenijiering of the fuel, that is, 
the addition of moisture to it, apjiears to 
be necessary or, at least, beneficial, in se¬ 
curing satisfactory operation with these 
stokers.-* A great deal of work has been 
done on the development of the high-ca¬ 
pacity traveling-grate stoker, especially in 
Germany. Details of design to secure a 
high degree of reliability and high conver- 

2 # Wood, W. H., Comhuation, 6, No. 3, 27-30 
(1034). Dunningham, A. 0., and Orumcll, E. R, 
J. Inat. Fuel, 12, 87-96 (1938). Park, W. M, 
Comhuation, 11. No. 10, 24-8 (1940). 

24KUB8, R. H., Power, 81, 674-6 (1937). 


where the bed does not thoroughly cover 
the grates, is very loan and contains excess 
oxygen. The arches throw the streams 
from the two ends together in the hot part 
of the furnace so that the lean and rich 
gases are mixed and serve to correct each 
other’s deficiencies by the ensuing reaction. 
Modern practice, however, tends to favor 
relatively smooth furnace walls, with, per- 
haj)s, only a short ignition arch at the 
front of the stoker. The required mixing 
of the furnace gases is secured by means of 
relatively small jets of secondary air under 

2 n Schultes, W., Arch WUrmewirt., 16, 117-8 
(1936). Schulte, F., Z. Ver. deut. Ing,, 80, 
1237-41 (1930). Cleve, K., Feuerungatech., 25, 
317 22 (1937). Moyer, A. R., ihid., 20, 148-60, 
201-11 (1938). Beck, K., Arch. W&rmewirt., 
20 , 93-8, 301-6 (1939). 
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rather high pressure, injected at an angle 
below the horizontal from either the front 
or the rear wall.-^ 

The conditions within the beds of travel- 
ing-grate stokers have been determined ex¬ 
perimentally.-® These investigations show 
that the layer of coal entering the furnace 
IS ignited at the top of the bed, and that 


the fire should be operated so that all the 
fuel is burned out of the refuse short of 
the end of the grate, but the air quantity 
passing through this end of the grate must 
be controlled to prevent excessive losses. 

The temperature reached by the grate 
elements is of extreme importance in de¬ 
termining their life and freedom from 



Fig. 2. Evample of soctlon through fuel bed of a traveling grate stoker. Maughan, Spalding, 
and Thornton.““ 


the surface dividing ignited from raw coal 
moves down as the layer jiashes through 
the furnace, as shown in Fig. 2. The igni¬ 
tion surface reaches the grate at the point 
tthere observation of the fire during ojiera- 
tion shows that the dense flame of volatile 
matter stops; all the fuel has been ignited 
and coked at this point, and only the coke 
residue is burned out beyond it. As this 
process pfoceeds, a larger and larger pro¬ 
portion of the bed becomes ashy refuse; 

26 Werkmeister, II., Arch. W&rmewirt., 13, 
225-32 (1931). Maughan, J, D., Spalding, II. 
B, and Thornton, B. M., Engineering^ 187, 687-9, 
056-8, 669-71 (1934) ; ./. Inst. Fuel, 8, 11-20 
(1934). Loewensteiii, R., Wdrmc, 57, 97-101, 
121-5 (1934). 


maintenance expense. It has been found 
that the maximum temperature depends, 
m a rather surprising fashion, on the rate 
of primary air flow through the stoker in 
the region in which the ignition zone is 
traveling downward; the air rate in the 
burning-out zone is also important in that, 
the greater it is, other things being equal, 
the lower is the maximum temperature 
reached. In Dimningham and Grumell’s 
work, the maximum grate link tempera¬ 
tures were found for an ignition air rate of 
200 pounds per square foot per hour, inde¬ 
pendent of the size of the coal or its reac- 

27 Duiiningliatri, A. C., and Grumcll, E. S., 
Fuel, 17, 327-34 (1038). 
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tivity or other characteristics. For either 
higher or lower air rates during the ignition 
period, the maximum link temperature for 
a given buming-out air rate fell off. The 
explanation of this phenomenon is to be 
sought in the analysis of heat flow in un¬ 
derfeed beds mentioned in a later section 
of this report. In addition to control by 
the rate of air flow in the ignition zone, 
grate temperatures can be reduced by re¬ 
turning ground ashpit refuse under the coal 
from a special hopper at the front of the 
furnace .2® 

UNDERFEED STOKERS—MULTIPLE RETORT 

In the multiple-retort underfeed stoker, 
the coal is introduced through horizontal 
or slightly inclined cylinders into the bot¬ 
tom of sloping retorts between each pair of 
which are sloping grates or ^^tuyere stacks.” 
The coal is forced along the retort by sec¬ 
ondary rams, rising to levels from 12 inches 
to 3 feet above the top of the tuykes. 
After reaching the level of the top of the 
tuyeres, it spreads out and burns in rela¬ 
tively narrow lanes above them.-® Units 
of this type have never attained great 
popularity abroad,®® although two large 
recent British installations were of this 
type.®^ For many years, however, until 
well along in the development of the pow¬ 
dered-coal furnace, it was the standard 
American unit for large, high-capacity in¬ 
stallations, especially for those using East¬ 
ern coking coals. This type of equipment 
permits high concentration of capacity per 
unit building volume for steam capacities 
below half a million pounds per hour, the 

28 Maughan, J. D, Spalding, H. B., and 
Thornton, B. M., ref. 2C>. 

29 Anon., Power, 80, 409-71 (1936). MayerB, 
M. A., Dnrgan, W. H., Gersliberg, J., Dnlwuy, 
B. C., WilllnmH, M. J., and KnlHer, E. R., Trans. 
Am. 8oc. Meoh. Engrs, 08, 191-211 (1941). 

80 See Schulte, F., in ref. 25. 

81 London Power Company, BatterBea Station, 
1936; Deptford West Station, 1937. 


largest size units for which these stokers 
have been built, and may be operated at 
burning rates up to 75 pounds per square 
foot per hour.®® They are especially 
adapted to utilize the coking coals of the 
eastern United States since the strong fuel- 
bed agitation which they supply is capable 
of dealing with large masses of coke, but 
they are rather sensitive to coal properties 
and extremely so to operating adjastment. 
In spite of these general characteristics, 
underfeed stokers in which the iron parts 
are water-cooled from the boiler circula¬ 
tion have recently been applied, with con¬ 
siderable success, to the burning of Ibw- 
rank Middle Western bituminous coals.®® 

Multiple-retort underfeeds are built with 
several different types of refuse disposal; 
with deep clinker-grinder ashpits, as shown 
in Fig. 3, with continuous ash discharge 
(Fig. 4), and with dump grates (Fig. 5), 
although the last mentioned are seldom 
built, nowadays, except for the smallest 
installations. The grate surface may be 
water-cooled, as shown in the unit in Fig 6, 
a relatively recent development. The pre¬ 
ceding stage was characterized by air¬ 
cooled grate surface in which the air sup¬ 
plied to each 5-foot section or so of each 
tuyere stack was separately metered and 
controlled,®® as shown in Fig. 3. One 
manufacturer provides a rather long “over¬ 
feed” section at the end of the retorts 
which is equipped with a so-called undu¬ 
lating grate for complete burning-out of 
the coke and coal discharged from the ends 
of the retorts (Fig. 4). Furnaces for these 

82 Hopping, E. L., Modern Power -tf Engineer¬ 
ing, 28, No. 5, 33-0, 38 (1934) ; Meeh. Eng., 80, 
559-00 (1934). DrlBcoll, J. M., and Sperr, W. 
H.. Trans. Am. 8or. Mech. Engrs, 57, 49-58 
(1935). GriHWold, A. S., and Miieombor, H. E., 
ibid., 58, 1.3-24 (1930). 

83 Worker. J. G., Sleel, 100, 52-3 (1937); 
Power Plant Eng., 41, 103-5 (1937) ; Power, 
81, 102-3 (1937). Carroll, H. C., Trans. Am. 
8oc. Meeh. Engrs., 08, 183-90 (1941). 
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ri(. { Multiple retort underfeed Htoker equipped with clinker grinder UHlipit and zoned air ton 
trol (Courtesy of the American Engineering Company ) 







Fio 4 Multiple retort underfeed stoker equipped with link grates and continuous ash discharge 



Fio 5 Small multiple retort with dump grates 
(Figures 4 and 5, Courtesy of the Westinghouse Electric and Manufacturing Company ) 
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stokers are usually built without arches, as 
the gases rising from the two ends of the 
stoker do not differ so markedly in com¬ 
position as they do in chain-grate-fired 
furnaces. There is, however, considerable 


25 percent in the limiting load that may be 
carried without objectionable smoke have 
been obtained by this means. 

As mentioned above, these units are 
quite sensitive to the adjustment of the 



Fkj. 6. Water-cooled multiple-retort underfeed stoker, (rourtesy of the American Engineering 
Company ) 


stratification across the furnace, as the gas 
rising from the retorts may contain un¬ 
burned volatile matter and that from the 
burning lanes may contain unconsumed 
oxygen. This has led to the application of 
high-pressure overfire air jets to this type 
of stoker,3^ also; increases of the order of 

84 Murphy, B. S., Trans. Am. 8oc. Meoh. 
Engrs., 03, 6G9-75 (1941). Lawrence, U. ¥., 
ibid., 63, 486-7 (1941). Carroll, H. C., and 
Clark, R. S., oral discussion, Joint Meeting, 


various controls and to the type of coal 
supjilied. Many different adjustments are 
available, including stoker speed, secondary 
ram strokes, stroke of overfeed section, 
clinker grinder speed, and air supply to 
different sections of the grate. These ad¬ 
justments must be matched to the opera- 

Fucl Div. Am. Soc. Mech. Engrs., and Coal Dlv., 
Am. Inst. Mining Met. Engrs., Easton, Pa., Oc¬ 
tober 30-1, 1941, Symposium on Operation of 
Underfeed Stokers. 




COMBUSTION IN FUEL BEDS 


1492 

tion as judged by a skilled stoker tender, 
from visual observation of the fire. It is 
this fact that has limited the size of under¬ 
feed stokers; when the stoker area in¬ 
creases much beyond 500 square feet, it 
becomes impossible to see the entire fuel 
bed so that proper adjustment of the 
stoker cannot be maintained. According 
to Clark,one of the principal advantages 
of overfire air is that it eliminates the ne¬ 
cessity of accurate control of fuel-bed con¬ 
ditions by insuring that “popcorn” and 
combustible gases discharged from the bed 
will be completely burned in the furnace. 
It also is possible that the limits on stoker 
capacity may be raised by raising the aver¬ 
age burning rate without raising the rate 
attained in localized portions of the bed.*" 

UNDERFEED STOKERS—SINGLE RETORT 

Single-retort stokers materially antedate 
the multiple-retort type*® and have long 
been used for smaller installations. New 
interest in this type of unit has developed 
in the search for a universal stoker for 
domestic heating. At present these units 
range in capacity from as low as 10 to 
above 300 pounds per hour. They vastly 
outnumber all other types of mechanical 
burning equipment and account for a large 
fraction of the 212 million tons of coal 
consumed annually in industrial plants and 
for domestic heating. 

Single-retort stokers consist of a central 
“pot” into which the coal is fed, usually 
by means of a worm working in a tube, but 
in larger sizes by a reciprocating ram, and 
in which it rises, meanwhile being coked in 

3.5 Mayers, M. A., Trans. Am. 800 . Mech. 
Engrs., 03. 479-89 (1941). 

30 Worker, J. G., aud Peebles, T. A., Mechani¬ 
cal Stokers, McGraw-Hill Book Co., New York, 
1922, 258 pp. 

87 U. S. Census Bur., Statistical Abstract 0 / 
the United States, 1941, Govt. Printing Office, 
Washington, 1942, Table 828, p. 829. 


greater or less degree, finally being burned 
by air issuing from tuyere rings around the 
top of the retort. Sometimes active grates 
may be provided outside the tuyere row 
surrounding the retort; this is almost in¬ 
variably the case in the larger members of 
this type. Primary air is almost always 
supplied under pressure, although in at 
least one design mechanical draft is sup¬ 
plied for only a small portion of the pri¬ 
mary air to insure rapid pickup and secure 
ignition of the fuel, the principal part of 
the air being supplied by natural draft 
through grates surrounding the retort.^® 

Figure 7 illustrates a standard domestic 
unit for a maximum load of 60 pounds per 
hour. It has the typical circular pot, and 
air is supplied only around the top of the 
retort. It is shown equipped with a “bin- 
feed” screw, so that coal is brought direct 
from the bin and fired without the neces¬ 
sity of manual handling. Ash is removed 
manually, however, in the form of a clinker 
which collects in a ring around the top of 
the retort. Control is applied on an off- 
and-on basis; a thermostat in the living 
space, when it calls for heat, starts the mo¬ 
tor which actuates both the fan and the 
coal feed screw. Industrial units usually 
have elongated retorts and active side 
grates. 

Generally, in the designs of domestic 
stokers, the emphasis has been on mechani¬ 
cal features to assure reliable operation. 
Relatively little attention has been jiaid to 
the characteristics which differentiate com¬ 
bustion from a materials-handling prob¬ 
lem, with the result that such units are in¬ 
clined to be very sensitive to the quality 
and preparation of the coal supplied. In 
fact, many coals, considered of premium 
grade for most other uses, cannot be 
burned with any success on such stokers. 
This arises from the fact that the pot-type 
stoker was originally developed to burn the 
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free-burning coals of the West Coast; it 
has never been equally successful with the 
higher-rank, better-quality—from a ther¬ 
mal point of view—coals of the Appa¬ 
lachian province. When properly operated 
and carefully maintained, however, the 
small domestic stoker is capable of remark¬ 
able performance.*® 


great enough to oxidize the coal close to 
the ignition level. Its coking properties are 
thus reduced to the point where dangerous 
“coke-tree’^ formation can be avoided. In 
the other, the plastic coal is forced out 
through a relatively narrow orifice between 
the top of the retort and a central ‘^mush¬ 
room” cap, breaking up the plastic coal 



Fi(.. 7 Bln feed domestic stoker for 60 pounds of coal per hour. (Fourtesy of the Iron Fireman 
Manufactiiriiif? Company.) 


The difficulties have been predominantly 
found in the small domestic units and have 
been of two types: (1) those due to the 
formation of “coke trees,” and (2) fail¬ 
ures to form clinker with high-ash-fusion 
coals. The bituminous-coal industry has 
financed extensive research directed at the 
removal of these difficulties, resulting in 
two designs which appear to promise suc¬ 
cess.^® In the first of these, air is ad¬ 
mitted low in the retort of the stoker in 
amounts insufficient to support ignition but 

S8 Estep, T. G., and Saylor, D, C., Mrch. Eng., 
50, 547-9 (1934). Drewry, M. K., ihld., 57, 
103-9 (1935). 

89 Sherman, R. A., and Kaiser, E. R., Trans. 
Inst. Mining Met. Engrs., 130, 388-407 (1938). 
Knox, W., and Doherty. J. D., ibid., 149. 254- 
69 (1942). 

40 Guthrie, S. W., Mech. Eng., 04, 599-603 
(1942). Aiion., Bituminous Coal Research, 2, 
No. 2, 2 (1942). 


into small, uniform pieces which are then 
burned on an outside grate surrounding 
the retort. 

Still another new design for small units 
may be mentioned, though its relation to 
the underfeed stoker is merely nominal.'*^ 
In this device coking coal is fed from a 
cylindrical retort toward a high-velocity air 
jet issuing from a nozzle, coaxial with the 
retort. This unit bears a similarity to the 
“jet” gas producer developed in Russia 
(see references in note 93, page 1505) and 
may have similar advantages which are 
discussed below (see references in note 94, 
page 1500), in addition to providing a pos¬ 
sible method for the use of strongly coking 
coals. Ignition of the incoming fuel in this 
case is on strictly underfeed principles, as 
defined on page 1507, suggesting that its 

41 Bailey, E. G., U. S. Pat. 2,222,756 (1940). 
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successful performance may depend on 
rather exact proportioning of the parts 
and that its range of ratings may be some¬ 
what limited. 

OVERFEED AND SPREADER STOKERS 

Overfeed stokers of the early types, 
made under the names '‘Roney,” “Mur¬ 
phy,” “King Coal,” etc., are still in fairly 
extensive use. Many of these units are 25 
or more years old, and are still carrying 
the load. Such units are seldom installed 
new today. Descriptions of the units and 
of their operations are available in stand¬ 
ard textbooks on stokers and furnaces.'*- 

Spreader stokers are, however, a rela¬ 
tively new development, although they 
may be classified with overfeed stokers. 
They operate on the same principle as lo¬ 
comotive stokers, in that the fuel is pro¬ 
jected into the furnace with considerable 
velocity and then falls down onto a grate 
through which air is drawn; they differ in 
that in locomotive stokers steam jets sup¬ 
ply the propulsive force, whereas in spread¬ 
ers the fuel is usually projected either me¬ 
chanically, by paddles or a rapidly rotating 
wheel, or by the high-velocity stream of 
primary air by which the coal is conveyed 
to the burner. In locomotive stokers it is 
considered desirable that as much as i)os- 
sible of the combustion be carried out 
while the fuel is resting on the grate; in 
stationary spreader stokers a large portion 
of the combustion occurs in suspension, 
only the largest particles of the fuel reach¬ 
ing the grates. The principles of operation 
are essentially similar, so far as the fuel 
bed is concerned, to those obtaining in 
hand-firing, the stoker being merely a me¬ 
chanical means of producing a continuous 
flow of small amounts of fresh fuel down- 

42 8f»e, for example, Gebbardt, G. P., Steam 
Power Plant Engineering, John Wiley & Sodr, 
New York, 6th ed., 1925, pp. 232-6. 


ward into it. Uniformity of air flow to all 
parts of the grate is secured in the spreader 
stoker, by using grates having relatively 
small air apertures, called “pinhole grates.” 
By this means a large part of the resist¬ 
ance to air flow is concentrated in the 
grates themselves, which are always part 
of the fuel-bed structure; thus, the total 
resistance to air flow differs only slightly, 
whether or not there is a layer of fuel and 
ash on top of it. Descriptions of such 
units and the results of tests made on them 
are given by Barkley; a unit of this 
type, with a traveling grate for ready re¬ 
moval of refuse, has been installed for a 
boiler producing 250,000 pounds of steam 
per hour, as shown in Fig. 8, and the man¬ 
ufacturers are said to be willing to provide 
a unit with a capacity of half a million 
pounds of steam per hour. 

COAL SELECTION FOR STOKERS 

I< has already been noted that many 
stokers are sensitive to the characteristics 
of the coals supplied to them. Three char¬ 
acteristics of the coal are the usual sources 
of trouble: (1) the ash content and ash- 
fusion characteristics, (2) the coking char¬ 
acteristics of the coal, and (3) less fre¬ 
quently, the reactivity or case of ignition 
of the coal. 

Ash. Clinker trouble and slagging are 
probably the most frequent causes of diffi¬ 
culty in fuel beds. Clinkers are more or 
less fuserl masses of ash and coke which 
agglomerate in the fuel bed as a result of 
the flowing or sintering together of large 
(|uantities of partially burned fuel in hot 
portions of the bed. They cause trouble 
by interference with the normal flow of the 
primary air, by blocking the normal flow of 
fuel, especially in mechanical stokers, and 

43 Anon., Power, 80. 476-7 (1936). Barkloy, 
J. P., Trans. Am. 8oo. Mech. Engrs., 50, 259-05 
(1937). 
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by adhering to the supporting grates, cut- superheat temperature, by erosion of re- 

ting off the flow of cooling air, and thus fractory furnace walls and their ultimate 

leading to destruction of the grate struc- destruction, and by increasing the resist- 

ture Slagging involves the projection of ance to the flow of gas through the boiler 

ash particles, molten or at least sticky, out passes which may lead to decrease m the 

of the fuel bed against furnace walls or maximum rating because of limited draft 

heating surface It causes difficulty by general subject of ash and its char- 

cutting down the heat transfer to water- actenstics is treated in detail elsewhere*^ 
cooled side walls, resulting in changes in 


44 Chapter 16. 
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Relatively little is known about the mech¬ 
anism of clinker formation, but there is 
general evidence that, other things being 
equal, the severity of clinker difficulty is 
related to the ash-softening temperature; 
the lower the ash-softening temperature, 
the greater the difficulty. The rule is not 
exact, and many other factors may enter 
the picture to disturb it. In particular, 
the care exercised in the operation of the 
unit is of great importance; a given coal 
may cause trouble in one unit but may be 
quite trouble-free in a nearly identical unit 
answering similar demands but operated 
differently. 

A little more is known concerning slag¬ 
ging difficulties, which are even more im¬ 
portant for the operation of large pul- 
verized-coal-fired units than they are for 
supported bed-fired units."^® In a qualita¬ 
tive way, the conditions to be satisfied to 
produce slagging can be stated, and the im¬ 
portance of the factors of heat transfer, 
slag viscosity, and slag fusion temperature 
can be estimated. Guraz has attempted 
to account for the fractionation of the ash 
constituents found along the jiath of gas 
flow in high-capacity boiler units. His suc¬ 
cess is notable only in sulfur fouling of air 
preheaters and other such low-temperature 
heating surfaces, which has been extensively 
investigated in this country.**^ It appears 
that the best preventive of slagging trou¬ 
ble is to limit burning rates to the point 
where primary air jiressure is insufficient 

45Nielioll8, P., and Selvig, W. A., U. 8. Bur. 
Mines, Bull. 804 (1982), 71 pp. 

46 IloBin, P., and Fehling, H. R., Bcr. Reichs- 
hohlenrats, D82 (1983), 12 pp. Fehllng, H. R., 
ycucrungatvch., 24, 151-5 (1930) ; J. Inat. Fuel, 
11, 451-8 (1938). (Uimz, W., (Jliickauf, 70, 
463-7, 581-6, 721-8 (1940). Gould, G. B., and 
Brunjes, 11. L., Trana. Am. Inat. Mining Met. 
Bngra., 13», 364-83 (1940). 

47 Johnstone, H. F., Univ. III. Eng. Expt. 8ta., 
Circular 20 (1929), 22 pp.. Bull. 228 (1931), 

122 pp. I 


to project burning particles against the 
walls or heating surfaces, or, if economic 
considerations make this impracticable, to 
assure, by adequate overfire air supply, 
that such particles are completely burned 
out and the ash residues cooled below the 
sticky temperature. 

Coking Properties. Up to the present 
time there has been no generally satisfac¬ 
tory method of assessing the coking prop¬ 
erties of coals, but these properties are 
generally agreed to be of the utmost im¬ 
portance for satisfactory coal performance. 
That this is true in a general way is evi¬ 
dent from the ease with which free-burning 
coals are handled in domestic underfeed 
stokers, and the relative difficulty attend¬ 
ant on the utilization of strongly coking 
coals. It is quite possible, however, that 
the importance of this characteristic has 
been overempljasized. Its very unmeasur¬ 
ability gives it exaggerated importance so 
that it appears responsible for all manner 
of crimes. The subject of tests for cok¬ 
ing properties of coal is treated elsewhere 
in this work; a subcommittee of the 
A.S.T.M. has for several years been con¬ 
cerned with the selectit)n of a test of cok¬ 
ing properties that will be significant for 
combustion practice. This committee has 
attempted some observations of the British 
swelling indexon coals used in practice 
but thus far has not even been able to 
suggest in what way the swelling of coal 
may be related to furnace practice. 

Smoke. One of the most serious limita¬ 
tions on fuel-burning capacity is imposed 
by the emission of objectionable smoke. 
An increasing awareness of the civic disad¬ 
vantages of a smoke pall, and a growing 
desire to “do something about it’^ on the 
part of the general public,have rein- 

46 Chapter 6. 

49 Hood, O. P., Mech. Eng., 48, 388 (1926) ; 
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forced the demand for limiting the loss 
of eflBiciency due to smoke production. 
Strictly speaking, smoke should probably 
be defined as the cloud formed by air¬ 
borne particles of soot and tar resulting 
from the incomplete combustion of fuels, 
but it is usual, nowadays, to broaden this 
meaning to include air-borne particles of 
any kind, including fly ash, fumes, and acid 
mists, emitted from a fire. This materially 
broadens the scope of the smoke problem 
since it brings into this field the emission 
of fly ash from powdered-coal installations, 
which are not guilty of incomplete combus¬ 
tion and which, therefore, cannot hoi^e to 
improve their efficiency by smoke elimina¬ 
tion. This poses a serious problem for 
large power producers since the installa¬ 
tion of equipment for cleaning flue gases 
is a costly procedure.®^ 

Smoke, the product of incomplete com¬ 
bustion, appears as a limit to capacity in 
two different ways. In large power instal¬ 
lations, fired by underfeed or traveling- 
grate stokers, smoke emission usually im¬ 
poses an upper limit to maximum ca¬ 
pacity .2®* This limitation is usually 
associated with objectionable emission of 
cinder as well. It may be ameliorated by 
the use of overfire air under pressure as 
discussed above. On the other hand, 
smoke emission from domestic units usu- 

City Manager Mag., 8, 19-23 (June 1926). 
Christy, W. G., Mech. Eng., 65, 347-51 (1933). 
Lessing, R., Fuel, 15, 221-8 (1936). Tucker, 
R. R., Mech. Eng., 60, 377-80 (1938). Katz, 

M. , and Lathe, F. E., Natl. Research Council 
Can. Fubl. 815 (1939), 447 pp.; Chem. Abs., 
34, 5884 (1940). Burdick, L. R., and Backley, 
J. P., U. 8. Bur. Mines, Inf. Circular 7066 
(1939), 14 pp. 

50 Hardie, P. H., Mech. Eng., 61, 895-6 
(1939) ; discussion, ibid., 62, 557-62 (1940). 

61 Pearson, J. L., Nonhebel, G., Ulander, P. H. 

N. , J. Inst. Fuel, 8, 119-56 (1935). Anon., 
Combustion, 11, No. 7, 37 (1940). Johnstone, 
II. F., and Singh, A. D., Univ. III. Eng. Expt. 
ata.. Bull. 824 (1940), 140 pp. 


ally occurs during periods of low rating; 
under these conditions it cannot be elim¬ 
inated by burning out in the combustion 
space above the fuel bed but must be pre¬ 
vented from forming in the fuel bed itself. 
Similarly, domestic underfeed stokers are 
likely to produce smoke during off periods, 
in maximum intensity at the beginning of 
the period, and may also offend by the 
ejection of fly ash during normal operation. 
The obvious reined’^ for the latter condi¬ 
tion is the use of lower forced-draft veloc¬ 
ities; it is the most potent argument there 
is for the development of a natural-draft 
domestic stoker. 

Flue-gas-cleaning equipment of many 
different kinds is available for the re¬ 
moval of dusts and of acid mists, but, in 
general, there is no effective method of re¬ 
moving soot, once formed. It is desirable 
that more quantitative studies be made 
concerning the travel of smoke and dusts 
in normal atmosj)heric currents than arc 
now available,*'^^ in order that the justifi- 

BriuMU, O., and Ileidoinaiiii, E., Kolloid Z., 
75, 129-35 (1936). Brandt, O., Freund, H-., and 
Hoidcraann, E., ibid., 77, 103-15 (1936). Cn- 
wood, W., Trans. Faraday 8oc., 32, 1068-73 
(1936). Heinrich, K., Combustion, 8, No. 8, 
36-8 (1937). Rammler, E., and Breitling, K., 
Fruvrungstech., 2.5, 97-104 (1937). Zinnner 

iiianu, B., ibid., 3.5, 104 8 (1037). Wellman, F., 
ibid., 25, 108 16 (1937). Ileinzelmann, II., ibid., 
3.5, 116-21 (1937). Gumz, W., ibid., 3.5, 121-7 
(1937). lleidemann, E., and Brandt, ()., Z. V(r. 
dent. Ing., Bciheft Folge 1938, No. 5, 149-52. 
St. Clair, II. W., U. 8. Bur. Minis, liept. Investi¬ 
gations 3400, 51-64 (1938). LcKsing, R., Fuel, 
17, 375-83 (1938), 18, 21-9 (1939). Lapple, 
C. E., and Shepherd, C. B., Ind. Eng. Chem., 33, 
605-17 (1940). Whiton, L. C„ Trans. Am. 8oc. 
Mech. Engrs., 6,3, 213-8 (1941). St. Clair, 
H. W., Rev. 8ci. Instruments, IS, 250-6 (1941). 

63 Bosanquot, C. H., and Pearson, .T. L., Trans. 
Faraday Boc., 32, 1249-64 (1936). Meldau, R., 
ibid., 32, 1270-3 (1936). Singh, A. D., Univ. 
III. Eng. Expt. 8ta., Circular 30 (1939), 32 pp. 
Sherlock, R. H., and Stalker, E. A., Mech. Eng., 
62, 455-8 (1940) ; Univ. Mich., Eng. Research 
Bull. 20 (1941), 49 DP. 
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cation for capital expenditures for flue-gas 
cleaning may be accurately estimated. 

The proneness of a hand-fired installa¬ 
tion to smoke depends quite strongly on 
the composition of the coal with which it 
is fired. It has been shown, in fact, that 
the danger of smoke is approximately pro¬ 
portional to the amount of tar produced 
by the coal in a carbonization assay test.®** 

It is evident from ihe discussion above 
that the factors entering the problem of 
coal selection are, at best, ill defined and 
cannot easily be reduced to quantitative 
estimation. These difficulties have led to 
considerable discussion among combustion 
engineers, starting from the elementary 
proposition that the least expensive coal is 
that which supplies most thermal energy 
per unit cost,®® and leading up to the the¬ 
sis that a new code is needed to govern 
the testing of coals for use in combustion 
equipment.®® As a result, a joint commit¬ 
tee of the American Society of Mechanical 
Engineers and of the American Institute of 
Mining and Metallurgical Engineers was 
formed, with the objective of formulating 
such codes. Models available to serve as 
guides include the Power Test Codes of the 
A.S.M.E. and codes of the Heating and 
Ventilating Engineers and of the British 

64 Rose, n. J., and Lasseter, F. P., Heating, 
Piping, Air Conditioning, 11, 119-22 (1939). 
Bradbury, D. J., and Mott, R. A., Fuel, 20, 
100-5 (1941). 

6f Randall, D. T., U, S. Geol. Survey Bull. 
330 (1908), 27 pp. Heyn, E., and Hinrichsen, 
F. W., Mitt. kgl. Materialpriifungaamt, 28, 168 
(1910). Goldman, J. M., Gas Age, 83, 176 
(1914). Blake, A. P., Ind. Eng. Ohem., 10, 
627-9 (1918). Bement, A., Power, S8, 448-60 
(1923). Holaday, K. M., Eleo. World, 84, 363-5 
(1924). Wade, C. P., Chemistry d Industry, 43, 
1098-100 (1924). Pirie, H. L., Steam Engr., 
1. 97-9 (1931). 

68 Gould, G. B., and Gibson, P. M., Mining 
and Met., 17, 840-3, 350 (1936). Rowan, R. L., 
paper presented at Joint Meeting, Fuel Diy., Am. 
Soc. Mech. Bngrs., Coal Div., Am. Inst. Mining 
Met. Engrs., Columbus, Ohio, October 6-7, 1939; 
Mech. Eng., 61, 848 (1989). 


Standards Institution.®^ Tentative codes 
have been proposed for certain specific 
cases, but none has yet been approved and 
issued by the Joint Committee. One of 
the principal stumbling blocks to be over¬ 
come is the lack of precision of perform¬ 
ance tests of steam-generating units; ®* an¬ 
other is the marked dependence of the per¬ 
formance of such units on the skill of the 
operators, which therefore must be assessed 
and standardized.®® 

The ultimate aim of such a code is to 
permit the choice of the most economical 
fuel for any given installation, account 
being taken of all the factors of operating 
and maintenance cost, the cost of super¬ 
vision and testing, and fixed charges on 
any improvements that may be required 
for the fuel-burning equipment in existing 
installations or on the entire installation 
for new plants. Ultimately, such a choice 
may be possible on the basis of the results 
of laboratory-scale tests of specific objec¬ 
tive properties of the fuel; at present, it 
can only be estimated from performance 
tests on a large number of the available 
fuels®® with the attendant sources of er¬ 
ror.®® Evidently, much additional knowl 
edge of the specific adaptabilities of certain 
fuels might be obtained from existing pub¬ 
lished data on the results of performance 
tests ®’ if accurate descriptions of the coals 

57 standard Code for Testing Stoker-Fired 
Steam Heating Boilers, Am. Soc. Heating Venti¬ 
lating Engrs., 1988, 6 pp. Brit. Standard Code 
878 (1989), 23 pp.; J. Inst. Fuel, 18, 132 
(1940). 

58 Gould, G. B., Combustion, 10, No. 11, 24-8 
(1939). 

69 Rode. L., Feuerungsteoh., 24, 135-9 (1936). 
Rept. of Subcommittee 2, Joint Coal Test Code 
Committee, January 18, 1941. 

60 Tobey, J. B., Trans. Am. Soo. Meeh. Engrs., 
60, 17-24 (1988). 

61 Schmidt, E. C., Snodgrass, J. M., and 
Beyer, O. S., Univ. III. Eng. Ewpt. Sta., Bull. 
101 (1917), 101 pp. Willard, A. C., Kratz, A. 
P., and Day, V. S., ibid., 188 (1929), 114 pp. 
Krats, A. P., and Woodruff, W. J., ibid., 218 
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used were available. The immediate aim 
of the Joint Committee is to encourage the 
determination and reporting of such de¬ 
tailed descriptions in connection with ex¬ 
tensive testing projects. 

Testing large boiler units has been grad¬ 
ually developed to a well-standardized 
technique.®^ A few questions still need 
clarification, especially with respect to the 
collection and reduction of samples of fuel 
and refuse and the determination of the 
smaller losses, which at present are usually 
included in the ''Unaccounted for” item; ®® 
these become important in connection with 
proposals to estimate the efficiency of small 
units without the expense of weighed coal 
tests, by subtracting the sum of all losses 
from 100 percent.®® 

In order to make the best use of such 
material, once it has been obtained for any 

(1980), 60 pp. McCabe, L. C., Mining Oongr. 
J., 28. No. 12, ia-9 (1937) ; Mech. Eng., 60, 
217-21 (1938). Coetzee, J. J., Bull. Fuel Re¬ 
search Inst. (8. Africa), 16 (1940), 47 pp.; 
Chem. Abs., 35, 3794 (1941). 

62 Snodgrass, J. M., Univ. III. Eng. Expt. 8ta., 
Bull. 34 (1909), 20 pp. Breckenridge, L. P., 
Kreisinger, H., and Ray, W. T., U. 8. Bur. 
Mines, Bull. 28 (1912), 380 pp. Kratz, A. P., 
Univ. III. Eng. Expt. 8ta., Bull. 78 (1915), 72 
pp. 

63 A.8.M.E. Power Test Codes, Am. Soc. Mech. 
Engrs., New York. 

64 Rosin, P., Rammler, E., and Eayser, H. G., 
W&rme, 58, 304-7 (1935). Grumell, E. S., and 
Dunningham, A. C., Fuel, 15, 55-9 (1936). 
Dawe, A., and Potter, N. M., ibid., 15, 128-36 
(1936). Morrow, J. B., and Proctor, C. P., 
Trans. Am. Inst. Mining Met. Engrs., 110, 227- 
76 (1936) ; Fuel, 16, 128-47 (1937). Manning, 
A. B., J. Inst. Fuel, 11, 153-5 (1937). Am. 8oc, 
Testing Materials Standard D492-40T. 

65 Haslam, R. T., Ind. Eng. Chem., 15, 679-81 
(1923). Minter, C. C., J. Soc. Chem. Ind., 48, 
35-8T (192^). Morgan, J. J., and Stolzenbach, 
C., Oas Age-Record, 73, 301-4 (1934). Evans, 
R. N., and Davenport, J. E., Ind. Eng. Chem., 
Anal. Ed., 7, 174-8 (1935). Cross, B. J., Com¬ 
bustion, 7, No. 7, 33-6 (1936). Moody, A. H., 
and Harrington, J. A., ibid., 8, No, 5, 33-8 
(1936). 

66 Anon., Combustion, 8, No. 10, 21 (1937). 
Dulmage, W. W., ibid., 8, No. 10, 22-8 (1987). 


given installation, it is essential that the 
results of tests be used to load steam-gen¬ 
erating units correctly to secure maximum 
economy. An exact method of scheduling 
load has long been used for system opera¬ 
tion in large utility power systems,®^ but 
it has not often been used, even there, for 
the scheduling of boiler units. The method 
consists, essentially, in adding load to that 
unit, or units, which produces the added 
increment of demand for the smallest in¬ 
crement of input. It is of the greatest im¬ 
portance, and deserves maximum consider¬ 
ation in systems, or boiler rooms, in which 
units of different ages or different economy 
characteristics are available. 

Finally, the best choice of units to load, 
or to build, requires a knowledge, not 
merely of the fuel-firing equipment, impor¬ 
tant as that is, but of the whole system 
which the firing equipment is to serve. 
Surveys of the characteristics of power- 
generating equipment and of its cost are 
available.®® Of great importance, in con¬ 
nection with this auxiliary information, are 
data concerning the extent and nature of 
the provision made for automatic control,®® 
and the type of coal-handling equipment. 

When all is said and done, the choice of 
fuel-handling and firing equipment and of 
fuel is a question of engineering econom- 

67 StaLl, E. C. M., Elec. World, 0.5, 434-8 
(1930). Estrada, H., ibid, 96, 685-90 (1930). 
Lovell, A, n., Generating Stations, McGraw-Hill 
Book Go., New York, 2nd od., 1935, pp. 168-97. 
St. John, E. D., Combustion, 8, No. 3, 30-5 
(19.36). 

6 s Clark, P. S., Elec. World, 105, 174-7 (1935). 
Anon., Combustion, 8, No. 7, 25-32 (1937). 
Cross, B. J., ibid., 8, No. 6, 23-7 (1937). 
Rosencrants, P H., ibid., 9, No. 10, 31-6 

(1938). Clarke, C. W. E., Trans. Am. Soc. Mech. 
Engrs., 61, 273-90 (1939). 

69 Sauermann, A., QlUckauf, 71, 1124-9 (1935). 
Keppler, P. W., Combustion, 8, No. 10, 29-33 
(1937). Young, J. W., and Eastwood, F. A., 
J. Inst. Fuel, 10, 261-65 (1937). 
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ics; it is probably generally true that, 
from a technical point of' view, any fuel 
can be burned on any equipment provided 
that sufficient care is taken in maintenance 
and operation. Whether the job shall be 
done one way or another is not usually a 
question of technological practicability but 
of how the cost of producing useful heat 
can be minimized. Finally, the most im¬ 
portant single property that the fuel 
should have for such economical operation 
is uniformity,since such analyses as those 
outlined cannot be repeated frequently to 
accommodate frequent changes in the fuel 
characteristics. Uniformity of fuel from car 
to car, from day to day, month to month, 
and year to year makes for the maximum 
satisfaction in any heating project. 

The Physics of Combustion 

From the physical point of view, all the 
processes disc.ussed above have three char¬ 
acteristics in common. In all of them, fuel, 
in the form of a bed of broken solids, is 
supported on a grate, and air to support 
combustion is blown through the bed. A 
portion of the heat released is returned to 
incoming fuel, by mechanisms which are 
different in the different tyjies of equip¬ 
ment, to heat it to the temperature at 
which combustion becomes self-supporting. 
Finally, the remainder of the heat is dis¬ 
tributed between losses from the bed di¬ 
rectly to its supporting structure or to the 
furnace enclosure and sensible heat in the 
gases of combustion. 

70Schiefer, H. V., Power, 77, 628-9 (1933). 
Harkins, H. D., Trans. Am. Soc. Mech. Engra., 
57, 11-34 (1935). Peacock, H. M., J. Inat. Fuel, 
11. 230-9 (1938). Webber, A. F., Iron Steel 
Ind., 11, 264-C (1938). Anbro, G. A., Mech. 
Eng., 61, 804-6 (1939) ; discussion, 62, 555-7 
(1940). Daniels, G. C., Mech. Eng., 63, 801-6 
(1941). 

71 Randall, D. T., in ref. 65. Dunningham, 
A. C., Colliery Guardian, 144, 455-7 (1932). 
Holmes, C. W. H., Coke Smokeleaa-Fuel Age, 2, 
161-2, 203-4, 226-8, 249-50 (1940). 


It is, at once, obvious that the mecha¬ 
nisms which determine this distribution 
must be physical since they deal with the 
convection, conduction, and radiation of 
heat, with temperature gradients, and with 
gas flow. The mechanism which governs 
the rate of release of energy in the form 
of heat is also dominantly physical; it de¬ 
pends mainly on the geometry of the fuel 
bed and on such physical characteristics as 
the magnitude and shape of the voids be¬ 
tween particles of the bed and the proper¬ 
ties of the fluid flowing through the voids. 
These condition the speeds of the chemical 
processes occurring at the interface be¬ 
tween gas and the solid materials of the 
bed to such an extent that, from an ana¬ 
lytical point of view, the chemical reactions 
supply only one of several sets of bound¬ 
ary conditions to a system defined by the 
l)hysical properties of the fuel bed. 

COMBUSTION RATES REFERRED TO UNIT 
SURFACE OF FUEL 

Early chemical investigations of the com¬ 
bustion reactions were devoted to attempts 
to determine the rate of the chemical reac¬ 
tions and to choose between the two oxides 
as primary products, as shown in the next 
section of this report, but they served to 
indicate that no such investigation could 
be considered representative of conditions 
in fuel beds because, in order to secure 
reaction rates that were small enough to 
measure, the reactions had to be controlled 
at temperatures several hundred degrees 
below those prevailing in real beds; at 
fuel-bed temperatures the rates became too 
fast for the methods of measurement avail¬ 
able. It was soon recognized,^^ however, 
that only exceptionally did the rate of the 

72 Nusselt, W., Z. Ver. deut. Ing., 68, 124-8 
(1924). Rosin, P., Braunkohle, 24, 241-59 
(1925). Ward, J. T., and Hamblen, J. B., Ind. 
Eng. Chem., 19, 1026-7 (1927). 
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heterogeneous reaction between the fuel 
and the air for combustion limit the rate 
of burning at fuel-bed temperatures; in 
general, the speed of combustion was lim¬ 
ited by the rate at which oxygen could be 
transported to the immediate neighborhood 
of the reacting surface. Thus, the study of 
combustion rates became a study of the 
rate of the transport processes required to 
maintain a concentration of the reacting 
gas at the solid surface. 

Experimental work in this field was 
stimulated by the development of pow¬ 
dered-coal firing of large power boilers in 
the 1920^8,^® but the methods used were 
more easily adapted to the study of large 
particles, so the investigations soon turned 
to material of direct interest in grate fir¬ 
ing. Direct measurements of the rate of 
oxidation of solid materials have been car¬ 
ried out by the suspension of spheres of 
graphite, usually nearly ash-free, in a regu¬ 
lated stream of air or other oxygen-nitro¬ 
gen mixture in a furnace whose tempera¬ 
ture could be controlled. Provision was 
made for weighing the carbon particles, 
either intermittently or continuously.'^® 
This work showed that the rate of the spe¬ 
cific surface reaction depended strongly on 
the temperature at low temperatures but 
less so at high ones; that it was di¬ 
rectly proportional to the oxygen concen¬ 
tration in the gas flowing over the carbon 
surface; that it depended on approxi¬ 
mately the 0.4 power of the mass velocity 
of the gas at high temperatures; and 
that, for small particles, it was approxi¬ 
mately inversely proportional to the diam¬ 
eter of the particle.^* 

These results accord with a mechanism 
in which the high rate of the surface reac¬ 
ts Chapter 34. 

74 Smith, D. F., and Gudmundsen, A., Jnd. 
Eng. Chem., 28, 277-86 (1931). 

75 Tu, C. M., DaviB, H., and Hottcl, H. C., 
ibid., 26. 740-67 (1984). 


tion reduces the concentration of oxygen 
at the particle surface to such an extent 
that the speed of the process is limited by 
the rate of transport of oxygen to the sur¬ 
face, and thus are in agreement with earlier 
hypotheses.^® Similar effects were found 
for the reduction of carbon dioxide and 
steam,^® in work in which the monotonic 
effect of increasing gas velocity was used 
to estimate the absolute reaction rate by 
increasing the gas flow until no further in¬ 
crease in reaction rate, as measured by gas 
analysis, was found. 

The first analyses of the transport proc¬ 
ess were based on the hypothesis that dif¬ 
fusion was responsible for moving oxygen 
from the body of the gas to the reaction 
surface."^® A pure diffusion process could 
not, however, account for the dependence 
of the observed reaction rates on the gas 
velocity, so the concept of the existence of 
a stagnant film of a thickness dependent on 
the flow velocity was borrowed from 
the early work on convective heat transfer 
to account for this effect. This eoncei)t 
stimulated work in which the diffusion con¬ 
stants for oxygen and carbon dioxide in 
mixtures with nitrogen were determined in 
apparatus in which a fixed path was set up 
between the flowing stream and the react¬ 
ing surface,^® and in which the gas compo¬ 
sition was determined, by microsampling 
technique, by direct analysis at various 
points in the neighborhood of a burning 
spherical carbon surface.'^® The improved 
diffusion coefficient from this work permits 
a close correlation of the experimental re- 

76 Mayers, M. A., J. Am. Ohem. 8oo., 56, 70-6, 
1879-81 (1934), 61, 2053-8 (1939). 

77 Burke, S. P., and Schumann, T. B. W., Ind. 
Eng. Chem., 28, 406-12 (1931) ; Proc. Srd In¬ 
tern. Conf. Bituminous Coal, 2, 485-509 (1931) ; 
Ind. Eng. Chem., 24, 451-3 (1932). 

78 Davis, H., and Hottel, H. C., Ind. Eng. 
Chem., 26, 889-93 (1934). 

79 Parker, A. S., and Hottel, H. C., ibid., 28, 
1334-41 (1986). 
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suits obtained by Hottel and his collabo¬ 
rators by the use of the bounded-film con¬ 
cept mentioned above. This work also re¬ 
sults in several other conclusions which will 
be of interest in a later section of this re¬ 
port: (1) that carbon dioxide, only, but no 
carbon monoxide was found in the neigh¬ 
borhood of the carbon surface, and (2) 
that the rate of reaction, referred to the 
concentration of oxygen at the carbon sur¬ 
face so that the true heterogeneous reac¬ 
tion rate is calculated, varies with tem¬ 
perature according to the Arrhenius equa¬ 
tion, as is to be expected, the heat of 
activation being 44 kilocalories. 

This correlation fails, however, to ac¬ 
count for the rates of burning observed on 
smaller particles,^^ giving results about 40 
percent too low. This appears to be the 
direct result of the film concept, since it 
leads the authors to estimate the transport 
of oxygen through the film as the sum of 
two contributions, one due to simple dif¬ 
fusion in an unbounded, quiescent gas, and 
one due to transport through a bounded 
film. The latter is large for large particles 
and high velocities, by comparison with 
the former; its dependence on particle size 
arises from an argument by analogy result¬ 
ing in the dependence of film thickness on 
Reynolds’ number. This dependence was 
determined experimentally, however, only 
from the dependence of the rate of burning 
on the mass velocity of the gas, indicating 
that the film thickness is proportional to 
the 0.37 power of the gas velocity, hence 
of the Reynolds number and, hence, of the 
particle diameter. 

However, as noted above, the depend¬ 
ence of the burning rate on the particle 
diameter is very nearly one of inverse pro¬ 
portion,®^ which is the dependence due to 
simple diffusion in an unbounded film. 

«o Mayers, M. A.. Ohem. Revs., 14, 81-63 
(1934). 


Evidently, then, the contribution due to 
transport through the bounded film in Hot- 
teFs correlation does not change over to 
the form corresponding to simple diffusion 
at a large enough value of particle radius. 
It is to be noted, moreover, that the micro¬ 
sampling investigation showed no marked 
change in the concentration gradients with 
distance from the particle, as would be ex¬ 
pected according to the bounded-film con¬ 
cept. These difficulties can probably best 
be met by a complete abandonment of the 
film idea, as has been found necessary in 
heat-transfer work, and the adoption of a 
more sophisticated notion of the Reynolds 
analogy in which the whole mass trans¬ 
fer coefficient is made to depend on the 
Reynolds number and the mass transfer 
equivalent of the Prandtl number. An 
adequate treatment of this subject would 
probably have to start from the basic 
equations of combined convection and dif¬ 
fusion,®®* ®2 and would serve not only to 
iron out the discrepancies noted above but 
might also permit the exact interpretation 
of the model experiments made by Rosin 
and his associates. 

COMBUSTION RATES IN FUEL BEDS 

At first glance, it seems relatively simple 
to extend these results of measurements of 
burning rate per unit surface to a unit vol¬ 
ume of a bed of broken solids by multiply¬ 
ing the reaction rate per unit surface by 
the specific surface of the bed. Investiga¬ 
tions of the flow of fluids through such 

81 Chiltun, T. H., and Colburn, A. P., Ind. 
Eng. Ghem., 26, 1183-7 (1934). Sherwood, T. 
K., iUd., 86, 817-40 (1940). 

82F0rBter, T., and Qeib, E. H., Ann. Physik, 
20, 250-60 (1934). Damkfihler, G., Z. Blektro- 
chem., 42, 846-62 (1936), 43, 1-8, 8-13 (1987). 
Frank-Kaminetskll, D. A., Acta Physicoohim. 
U.R.8.8., 12, 9-12 (1940) ; Chem. Alts., 84, 
5728. 

83 Rosin, P., and Kayser, H. G., Z. Ver. deut. 
Ing., 76, 849-57 (1931). 
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beds,®^ however, indicate that so simple a 
a picture cannot represent the facts. The 
specific reaction rate is a function of the 
flow velocity; but in a porous bed the ve¬ 
locity varies from point to point and is, 
apparently, not even constant with respect 
to its state of .turbulence. The correlations 
referred to above have been obtained for 
the resistance to flow of a bed,®®* but 
many of the published data have not been 
correlated according to the relations there 
developed. Furthermore, a bed of broken 
solids, while lacking the sharply defined 
critical value for transition from viscous to 
turbulent flow found in pipes, has another 
one not found in such simple systems, 
namely, the point at which the pressure 
drop due to friction loss through the bed 
becomes ecpial to the density of the bed, 
causing its disruption.®^ * 

In flow through pipes and ducts, the cor¬ 
relation of heat-transfer coefficients with 
fluid turbulence has preceded and guided 
the correlation of mass-transfer coefficients, 
but in the study of beds of solids theri 
are as yet only two investigations of heat 
transfer,®® and in the last of these the data 

84 Kozeny, I. J., Sitzher. Akad. Wise, Wien, 
137, Abt. Ila (1928). Muskat, M., and Botset, 

H. G., Physics, 1, 27-47 (1931). Carman, P. C., 
Trans. Inst. Chem. Engrs. {London), 15, 160-60 
(1937). Ward, W. H., Engineering, 148, 435-8 
(1939). Fowler, J. L., and Hertel, K. L., J. 
Applied Phys., 11, 490-502 (1940). 

85 Furnas, C. C., U. 8. Bur. Mines, Bull. 307 
(1929), 144 pp. Arend, W., Ber. Reichkohlen- 
rats, D53 (1933), 60 pp.; Arch. Wdrmewirt., 14, 
132 (1933). Diepschlag, B., Feuerungstech., 23, 
133-0 (1935). Dunningham, A. C., and Grumell, 
E. S., J. Inst. Fuel, 8, 24-9 (1935). Arbatsky, 

I. , Feuerungstech., 25, 233-5 (1937). Fehling, 
H. U., ihid., 27. 33-44 (1939). 

86 Bennett, J, G., and Brown, R. L., J. Inst. 
Fuel, 18, 282-46 (1940) ; Qas J., 232, 378, 333-6 
(1940). 

87 Hirst, A. A., Trans. Inst. Mining Engrs. 
{London), 79, 463-97 (1930), 85, 236-71 (1932- 
3), 94, 93-113 (1937-8). Arend, W., in ref. 85. 

88 Furnas, C. C., Ind. Eng. Chem., 22, 26-31, 
721-31 (1930) ; Trans. Am. Inst. Chem. Engrs., 
24, 142-86 (1930) ; U. 8. Bur. Mines, Bull. 361 


were not even interpreted to obtain the 
heat-transfer coefficients. Thus, there is 
no guide from the heat-transfer work as to 
how the coefficient in a bed of solids is re¬ 
lated to the unit surface coefficient; hence, 
transfer coefficients, or burning rates, and 
their dependence on gas velocity, tempera¬ 
ture, and particle size or specific surface, 
cannot now be estimated from the meas¬ 
urements of specific reaction rate; they 
can be determined only by analysis of the 
measurements made in beds of burning 
fuel. 

Different types of fuel beds differ in the 
means provided for heating and igniting 
the entering fuel, but, eventually, all of 
them provide a bed of discrete particles of 
carbonized fuel, heated to incandescence, 
into which the air for combustion is intro¬ 
duced. The work described above, on spe¬ 
cific burning rates, suggests that the rate 
of consumption of the reacting gases, oxy¬ 
gen and carbon dioxide (also water vapor, 
where jiresent), would be nearly independ¬ 
ent of the temperature, above some lower 
limit, and that they would be of the first 
order with respect to the reacting gas con¬ 
centrations. If this were true, the varia¬ 
tion of gas analysis along the path of air 
flow with penetration into the fuel bed 
could be calculated on the assumption of 
constant first-order reaction rates, which, 
for constant mass velocity, leads to the ex¬ 
ponential dependence of oxygen, or carbon 
dioxide, concentration on distan(‘c from the 
point of admission.®®- ®® Thus, the values 
of fjL^/Gy where /aj is the overall rate of 
consumption of oxygen per unit oxygen 

(1932), 88 pp. Saunders, O. A., and Ford, H., 
Iron Steel Inst. {London), 141, 291-316P 
(1940). 

89 Furnas, C. C., Ind. Eng. Chem., 28, 498-602 
(1936). 

90 Mayers, M. A., Trans. Am. 8oo. Mech. 
Engrs., 59, 279-88 (1937) ; Fuel, 21, 4-11 
(1942). 
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partial pressure per unit volume of the' 
bed, and G is the mass rate of flow of gas 
along the path under consideration, and of 
fi 2 /G, where /12 refers to the rate of con¬ 
sumption of carbon dioxide, can be esti¬ 
mated from observations of gas analysis at 
various levels in a fuel bed, simply by plot¬ 
ting the oxygen, or carbon dioxide, concen¬ 
trations on semi-logarithmic paper against 
distance from the point of injection and 
determining the slope of the resulting line. 
It should be noticed that this correlation 
makes no assumptions, for the reaction 
with oxygen, concerning the nature of the 
primary reaction or its products, except 
that, on the whole, it must be of the first 
order. 

Estimates of such reaction rates have 
been made from the measurements 

reported before 1940.®^ Except for the 
w'ork of Kreisinger, Augustine, and Ovitz, 
all these measurements were made on beds 
of coke, usually in commercial sizes. Of 
the Kreisinger data, only those made on 
coke are sufficiently regular to permit esti¬ 
mation of the values of the parameters un¬ 
der discussion. All these observations were 
made on intermittently fired overfeed beds. 
In these beds the entering air was exposed 
to the residue from fuel which had been 
partly consumed during its passage through 
the bed, and whose size and condition, as 
shape, ash content, and reactivity, might 

«i Mayers, M. A., Trans. Am. Inst. Mining Met. 
Ettgrs., 130, 408—24 (1938). Mayers, M. A., and 
Landau, H. G., Ind. Eng. (Jhem., 32, 603-8 
(1940). 

Kreisinger, H., Augustine, C. B., and Ovitzj, 
F. K., U. 8. Bur. Mines, Tech. Paper 137 (1916), 
70 i)p. Perrott, G. St. J., and Kinney, S. P., 
Trans. Am. Inst. Mining Met. Engrs., 08, 643-84 
(1923). Sherman, R. A., and Blizard, J., ihid., 
08, 520-42 (1923). Sherman, R. A., and Kin¬ 
ney, S. P., Fuel, 5. 98-106 (1926). Nicholls, P., 
Brewer, G. S., nnd Taylor, E., Proc. Am. Oas 
Assoc., 8, 1129-43 (1926). Nicholls, P., iMd., 
10, 1127-36 (1928). Mott, R. A., and Wheeler, 
R. V., The Quality of Coke, Chapman & Hall, 
London, 1939, p. 144. 


have been quite variable. Hence, the 
values of the reaction rates near the point 
of air admission to such beds could be 
quite variable. From this point of view, 
it is unfortunate that all the observations 
on which estimates of these quantities have 
been based have been made on this type of 
bed, but the difficulty has been minimized 
by the experimental procedure, which has 
almost always included very thorough 
cleaning of the fire before fuel-bed gas 
samples were taken. For coke sized be¬ 
tween 1- and 1.5-inch screens, the apparent 
rate of consumption of oxygen was given 
by Mayers and Landau®^ as: 

Ml = 183(70-® (1) 

where is given in pounds of oxygen con¬ 
sumed per cubic foot of bed per hour, per 
atmosphere partial pressure of oxygen, and 
G is in pounds of air flowing per square 
foot of bed cross section per hour. Esti¬ 
mates of the dependence of this rate on the 
particle size of the bed and on its density 
of packing were given in Mayers’ 1942 pa¬ 
per.®® The exponent 0.5 is not to be inter¬ 
preted as in disagreement with the work 
on specific reaction rates; ^® the 

precision of the data does not permit a 
closer estimate of this quantity. 

Measurements by Chukhanov and Kar- 
zhavina®® were used by the authors to 
support a hypothesis concerning the na¬ 
ture of the primary reaction, in accordance 
with which they set up their measurements 
as the sum of two reactions, one of them 
being of zero order with respect to oxygen 

93 Knrzhavlna, N. A., J. Tech. Phys. (U.B. 
8.B.), 8, 725-36 (1938); Tech. Phys. (U.8. 
8.R.), 5, 633 (1938) ; Fuel, 18, 220-5 (1940). 
Chukhanov, Z. F., and Karzhavina, N. A., J. 
Tech. Phys. {U.8.8.R.), 8, 1932-44 (1939) ; 

Fuel, 20, 44-7, 73-7 (1941) ; J. Tech. Phys. 
iU.8.8.R.), 10, 1256-67 (1940) ; Fuel, 20, 

180-94 (1941). Cf. also Frank-Kaminetskii, D. 
A.. J. Tech. Phys. {U.S.8.R.), 8, 1457-64 (1939) ; 
Chem. Abs., 34, 1836 (1940). 
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cbncentration, and the other of higher or¬ 
der than the first and approaching second 
order. Their data, however, when plotted 
on semi-logarithmic coordinates as dis¬ 
cussed above, yield straight lines, as shown 
in Fig. 9. This suggests that their complex 
reaction is not necessary to account for the 
observed reaction rate, though it might be 
helpful in predicting the nature of the 
products, and indicates that these meas¬ 
urements may not be at variance with the 
earlier data.®^ However, the resulting co¬ 
efficients have not yet been compared with 
those previously correlated.®®* Such a 
comparison will be valuable since the Rus¬ 
sian measurements apply to a different 
range of sizes and of gas velocities than 
the older ones. 

Thring and Nicholls ®^ observed the car¬ 
bon dioxide concentrations in the portions 
of a deep fuel bed where the oxygen had 
been entirely consumed, and they calcu¬ 
lated the rate of the first-order reaction of 
consumption of carbon dioxide. Their re¬ 
sults confirm the first-order dependence of 
this reaction on carbon dioxide concentra¬ 
tion and permit an estimate of its depend¬ 
ence on temperature since their method of 
correlation does not depend on the as¬ 
sumption that the reaction rate is constant. 
This precaution is probably essential in the 
consideration of the rate of the reduction 
reaction because the heterogeneous chemical 
reaction is, in this case, much slower than 
that of consumption of oxygen. Hence, it 
is probable that the reaction velocity is 
only partly determined by the conditions 
of mass transfer. In support of this view, 
Thring found that the temperature coeffi¬ 
cient of /i, his nomenclature for the rate of 
the reduction reaction which corresponds 
to fi^/O used above, led to an increase of 

»4 Thring, M. W., J, Inst Fuel^ 14, 47-62 
(1940). Nicholls, L. H. F., ibid., 14, 71-3 
(1940); Gas J., 283, 109-10, 115 (1941). 


the rate of 50 to 100 percent for an in¬ 
crease in temperature of 100® C. Exact 
measurements of the rate of this reaction 



Fig. 9. Data of Chukhanov aiul Karzliavina 
to semi-lOBarithmic coordinates. Fuel-bed pas 
analyses plotted to semi-logarJthmlc coordinates. 
Data from reference 98. 
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lead to a heat of activation of about 50 
kilocalories and so to a doubling of the 
reaction rate every 40 degrees. The dis¬ 
crepancy may easily be accounted for on 
the ground that a portion of the resistance 
to reaction is chemical, with a high tem¬ 
perature coefficient, and a portion is asso¬ 
ciated with the transport phenomenon and 
has a low temperature coefficient. It is 
evident that it is very difficult to estimate 
effective reaction rates from any data but 
those taken under exactly the conditions of 
interest. 

It is evident that the state of our knowl¬ 
edge of the rates of these important reac¬ 
tions under the conditions prevailing in 
technical applications is still woefully small. 
Marked improvements in application may, 
quite possibly, await increases in this 
knowledge; the work of Chukhanov men¬ 
tioned above,®* is already being applied in 
the development of new types of gas pro¬ 
ducers. 

HEAT FLOW IN FUEL BEDS 

Although the reaction rates discussed 
above are of the utmost importance in de¬ 
termining the rate of heat release within 
the fuel bed, a complete knowledge of 
them, or of their integrals, the extent to 
which the reactions have proceeded at any 
point, does not account for the tempera¬ 
tures observed.®® Heat released by the 
combustion reactions not only serves to 
heat the combustion gases and the fuel but 
also is transmitted through the bed to its 
supporting structure, to the furnace above 
it, and to external wall losses. The flow of 
heat between adjacent particles probably 
occurs largely by way of radiation proc¬ 
esses, at least in the high-temperature re- 

«5Nlcholl8, P., and Bilers, M. G., Tram. Am. 
Boo. Meoh. Engre., 66. 321-6 (1933). Nlcholls, 
P., V. B. Bur. Minet, Bull. 378 (1984), 76 pp., 
especially pp. 9-11. 


gion, but the fuel bed, as a whole, appears 
to have a property akin to thermal con¬ 
ductivity in that heat flows along tmpera- 
ture gradients from regions of high tem¬ 
perature to those of lower temperature. 

According to this point of view, the tem¬ 
perature at any point in a fuel bed is the 
resultant of the total heat released along 
the path of air flow from admission to the 
point under consideration, corrected for 
the amount of heat, which may be quite 
considerable, conducted away. Depending 
on its position in the bed, this heat may 
have been conducted into indbming fuel, 
thus supplying the heat for ignition, or to 
the grate; it may have been conducted to 
the furnace walls and so lost; or it may 
have been converted to useful heat in the 
product. Thus, the temperature at any 
point represents a balance among three 
processes; (1) the combustion processes 
releasing heat, (2) the transport of heat 
.by convection, either by gases or by solid 
materials of the fuel bed, and (3) the con¬ 
duction of heat along temperature gradi¬ 
ents. These processes may be given mathe¬ 
matical expression for simple types of fuel 
bed, and it has been shown that the solu¬ 
tion of these expressions successfully repro¬ 
duces the rates of ignition observed in pure 
underfeed burning.®®* ®i 

At this point, the geometry of different 
types of fuel beds becomes of considerable 
interest. P. Nicholls ®® is responsible for a 
classification of fuel beds into three pri¬ 
mary classes: underfeed, in which the flow 
of air and of fuel, in a bed that continu¬ 
ously reproduces itself, are in the same di¬ 
rection; overfeed, in which the flows of air 
and of fuel are in opposite directions; and 
crossfeed, in which the flows of fuel are at 
right angles. The first two of these classi¬ 
fications are essentially the same as the 
classifications of parallel and counterflow 
used to describe heat exchangers and chem- 
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ical processing plant, but there is no satis¬ 
factory analog to crossfeed. Underfeed 
burning is not perfectly exemplified in any 
conventional burning equipment, according 
to Nicholls, although it will appear that it 
is very closely approximated by the bed of 
a traveling-grate stoker; overfeed burning 
is represented by hand-firing, to a certain 
extent by spreader stoker fuel beds, and by 
gas producers and blast furnaces. Cross- 
feed burning, which, according to Nicholls, 
is exemplified by traveling-grate fires, is 
better represented by underfeed stoker 
beds, both single- and multiple-retort types. 

From the present point of view, the 
overfeed fuel bed is characterized by the 
fact that fresh fuel entering is exposed to 
heat supplied by gas flowing out of the fuel 
bed, usually at a very high temperature, 
and containing little or no oxygen but 
often products of incomplete combustion. 
The actual temperature of the gas to which 
raw fuel is exposed depends on whether the. 
bed is operated for the purpose of generat¬ 
ing heat for steam or process, as in a hand- 
fired boiler or domestic heater, or for the 
purpose of heating the material of which 
the bed is composed, as in a gas producer 
or blast furnace. In producers and blast 
furnaces, the temperature may be, and for 
high thermal efficiency should be, quite low, 
since heat in the gas is of no value once it 
leaves the bed. When the bed is operated 
to heat the materials of which it is com¬ 
posed, the rate at which the temperature 
falls, at least beyond the point where rapid 
reactions are occurring, depends almost en¬ 
tirely on the ratio pU/Gc, where p is the 
heat capacity of the solid material, U its 
rate of flow, 0 the rate of flow of gas, and 
c its heat capacityWhere, however, 
the bed is operated for producing heat for 
external use, pU is usually not more than 

9^ Mayers, M. A., Blast Furnace Steel Plant, 
706-9 (1941). 


about 10 percent of Gc, so that only a 
small portion of the heat developed in the 
bed is needed to prepare the incoming fuel, 
and the gases may contain almost all the 
heat developed during the combustion proc¬ 
ess. When this is so, there is practically 
no limit to the rate at which fuel can be 
ignited by gas convection. 

Although the available analysis probably 
applies to overfeed fuel beds in the steady 
state,*'^ these are generally characterized 
by intermittent firing with the special ex¬ 
ception of spreader and locomotive stokers. 
With intermittent firing, a pseudo steady 
state may be set up between firings, when 
all the fresh fuel has been ignited; this is 
the condition in which temperatures and 
gas analyses have usually been measured.®^ 
Little information is available that takes 
into account the downward flow of mate¬ 
rial in the overfeed bed with the exception 
of gas producers and of blast furnaces,®* 
and only in Thring’s work has there been 
any attempt to fit these data by the results 
of analysis. 

Thring accepted the principle that the 
temperature at any point in the bed is the 
resultant of the heat release between the 
point of air admission and the point under 
consideration, diminished or augmented by 
the heat conducted or convected to or 
away from the point. However, as he did 
not make the simplifying assumption that 
conduction at right angles to the path of 
flow of the gas can be neglected, he was un¬ 
able to integrate the expression for tem¬ 
perature. It is apparent from his analysis 
of L. H. F. Nicholls’ exj)erimental data 
that such an assumption would be greatly 
in error for these conditions; that making 

97 Horuk, W., Z. oaterr. Ver. Gaa- u. Waaarr- 
fach., 78, 170-81, 194-203 (1933). Muller, W. 
J., and Graf, E., Brennatoff-Chem., 20, 241-6 
(1939). Lepsoe, K., Ind. Eng. Chem., 82, 910-8 
(1940). See also Chapter 37. 

98 Chapter 24. 
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it would, in fact, negate the possibility of 
explaining the experimental results. The 
differences which occur with different ar¬ 
rangements of air inlet and with fuels hav¬ 
ing different properties depend on the ex¬ 
tent to which they permit heat loss by con¬ 
duction to the sides of the fuel bed from 
the zone of rapid reaction. The more com¬ 
pletely such losses are inhibited, the higher 
the temperature in that zone, and the 
higher the quality, in terms of increased 
heating value, of the gas obtainable from 
the unit. In fact, Thring was able to sug¬ 
gest an explanation for the results of Kar- 
zhavina and Chukhanov,®^ that does not 
require the assumption of a special reac¬ 
tion mechanism since the arrangements 
used for securing increased gas velocity by 
the Russian investigators are just those re¬ 
quired to reduce the proportional heat loss 
from the zone of active burning. The in¬ 
creased rate of formation of carbon monox¬ 
ide may be explained by the increased rate 
of reduction of carbon dioxide associated 
with the higher temperature. This may 
also be the explanation of the apparently 
greater value of fi 2 required®^ to explain 
the high rate of formation of carbon mon¬ 
oxide in the lower parts of some beds, al¬ 
though it may also be due to the failure of 
carbon monoxide, produced in the primary 
surface reaction, to be oxidized during its 
diffusion away from the carbon surface. 

In underfeed burning, on the other hand, 
the flow of fuel is in the same direction as 
that of the air, so that the advance of the 
zone of ignition is in the opposite direction 
to that of the air flow. Under these cir¬ 
cumstances, convection of heat, far from 
assisting in the ignition of the incoming 
fuel, tends to prevent it by removing heat 
conducted into the raw fuel and carrying it 
back into the hotter part of the bed. Thus, 
the rate of ignition is limited by the rate 
at which heat can be conducted into the 


fresh fuel, a relatively slow process; it is 
zero for some small value of air rate be¬ 
low which the rate of heat release by the 
combustion reaction is only great enough 
to compensate for losses and thus cannot 
produce heat flow into incoming fuel.®^ 
This is the condition that is measured ex¬ 
perimentally in such tests as the critical air 
blast.®* As the air-flow rate increases 
above this lower limit, the rate of ignition 
increases faster than the rate of burn¬ 
ing because of the increase in fii and 
the initial decrease in the solid-gas heat- 
transfer coefficient with air-flow rate, with¬ 
out a concomitant increase in the conduc¬ 
tivity of the bed. As the flow rate in¬ 
creases further, however, the convection of 
heat back into the burning zone from the 
entering fuel through which the air passes 
first increases to such an extent that it 
overtakes the increasing rate of conduction 
and sets an absolute upper limit on the 
rate at which fuel may be ignited. Beyond 
this maximum, the rate of ignition falls off 
continuously with increasing air flow and, 
with some fuels, may reach zero again at 
a high rate of air flow. 

Investigation has shown that the fuel 
beds of traveling-grate stokers approximate 
very closely to the conditions of underfeed 
burning —to such an extent, indeed, that 
experimental methods similar to P. Nich- 
oUs' have been used to predict traveling- 
grate performance.®® This comes about 
because the velocity of grate travel is so 
great by comparison with the rate of travel 
of the ignition zone that planes parallel to 
this zone have a negligible projection on 

99 Tanner, B., VerSffentl. Ver. KraJtwirU. 
Ruhrzechent 1984-5, No. 1, 40 pp. Rosin, P., 
Kuyser, H. G., and Fehling, H. R., Ber. Reiohs- 
kohlenrats, D51 (1935), 61 pp. Rosin, P., and 
Pohling, H. R., J. Inst. Fuel, 11, 102-17 (1987). 
Dunnlngham, A. C., and Grumell, B. S., ref. 86; 
J. Inst. Fuel, 11, 117-22, 129-33 (1987),’ 12, 
87-95 (1938) ; Fuel, IT, 324-7 (1938). 
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the vertical axis, and, hence, only negli¬ 
gible amounts of heat are conducted along 
the axis parallel to the grate travel. Under 
these conditions, the direction of grate 
travel can be taken as equivalent to a 
time coordinate, and conduction in this di¬ 
rection can be neglected. Hence, the anal¬ 
ysis referred to may be immediately ap¬ 
plied to beds of free-burning, nonswelling 
fuels when fired in such equipment. In¬ 
sufficient data are now,available for the 
analysis of conditions in beds of coking 
fuel, although results with such fuels have 
been described by Tanner and by Dun- 
ningham and Grumell.®® 

The typical device in which crossfeed of 
the fuel is the dominant mode of ignition 
is the underfeed stoker.^®* In this device 
the flow of heat into the fuel takes place 
principally across a nearly vertical plane 
extending lengthwise of the stoker between 
the center line of each retort and that of 
the next adjacent tuyere stack. Although 
this description applies strictly only to the 
multiple-retort type, it is easily extended 
to the single-retort type^®® by considera¬ 
tion of obvious differences in geometry. 
This system has not been subjected to 
analysis because of the mathemaical diffi¬ 
culties inherent in a two-dimensional prob¬ 
lem, athough an attempt is being made to 
circumvent the mathematical difficulties 
by the use of an electrical analog, an elec¬ 
trical integrator for the partial differential 
equations of heat flow under consideration. 

The air for combustion in the underfeed 
stoker does not pass through the fuel 
entering the bed. Thus, the conditions 
leading to ignition of fresh fuel are quite 
different from those in either underfeed or 

100 Barnes, A. C., Bituminous Coal Research, 
Inc., Tech. Kept. 4 (1938), 69 pp. 

101 Work in progress. Coal Research Labora¬ 
tory. Cf., Beuken, C. L., Feuerungstech., 26, 
7-9 (1988). Avrami, M., and Little, J. B., J. 
Applied Phys„ 18, 256-64 (1942). 


overfeed burning since convection does not 
enter the picture. In an underfeed stoker, 
the fuel entering the zone of active com¬ 
bustion is heated from the side, in a sys¬ 
tem geometrically similar to that of a by¬ 
product coke oven, in that heat flows, prob¬ 
ably by conduction, from a heated face 
through a section of already heated coke 
into raw coal,®® as shown in Fig. 10. The 
differential equation governing this system 
has been stated,^®® although the boundary 
conditions obtaining there probably should 
be modified as follows. The hot face of 
the coke, instead of instantaneously rising 
to the final temperature, and thereafter be¬ 
ing maintained at that level, should prob¬ 
ably be represented as being instantane¬ 
ously subjected to heat transfer from a 
source at constant temperature. This 
change in the boundary condition results in 
characteristic solutions to the equation de¬ 
termined by eigenvalues^®® which are the 
solutions to the equation: 

tan Xn = “ 

k\n 

where the An are the eigenvalues, a is the 
heat-transfer coefficient, k is the thermal 
conductivity, and I is the half-length of the 
thermal path. With this result, reasonable 
choice of the values of a and k results in 
a variation of heating time in proportion 
to the 1.6 power of the retort width, in 
accordance with experience in practice.^®'^ 

The remainder of the scheme of the 
underfeed stoker may be taken as an ex¬ 
ample of overfeed burning above the 
tuyeres. In the analysis of all such beds, 

102 Burke, S. P., Schumann, T. E. and 
Parry, V. F., Proc. Am, Oas Assoc., 1980, 820-55. 

103 Von Mises, R., Riemann-Weier Differential- 
gleichungen der Physik, F. Vieweg & Son, 
Braunschweig, 1925, pp. 264-79. 

104 Lowry, H. H., Landau, H. G., and Naugle, 
L., Trans. Am. Inst. Mining Met. Engrs., 140, 
297-880 (1942). See also Chapter 22. 
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ihe path of flow of the gas is of funda¬ 
mental importance, but it is rarely regular 
enough to justify calculations with a con¬ 
stant, uniform mass flow rate. In the 
underfeed stoker the flow probably follows 
a relatively tortuous path whose cross-sec¬ 
tional area is not simply related to the 
stoker structure but depends in a compli¬ 
cated way on the mechanical adjustment 
of the equipment, the properties of the 
fuel, and the rate of burning; in equipment 
whose air inlets are nozzles, as in some gas 
producers and in blast furnaces, it may, 
with present knowledge, be almost impos¬ 
sible to define the path. 

Bennett and Brown have made a start 
at determining these conditions by the 
method of model testing; their results have 
been supplemented, to some extent, by 
measurements of air-flow distribution in 
unignited fuel beds.^®® It is possible that 
the differential equations describing the 
fuel bed can be integrated in terms of a 
coordinate system based on the flow lines 
if they can be predetermined, but no at¬ 
tempt to do this has yet been observed. 
One of the difficulties in such a procedure 
would be the description of flow paths; 
but it is believed that simplifying assump¬ 
tions for a bed of broken solids may be 
made on the basis of a statistically average 
element of volume of the bed. For such 
an average, it will be necessary to have bet¬ 
ter knowledge than is now available of the 
average mode of packing of a bed, its aver¬ 
age void volume and effective pore diam¬ 
eter, and the dependence of these proper¬ 
ties on the size distribution of the solids in 
the bed, the surface properties of the fuel 
which composes it, and the mechanical 
forces to which it is subjected. Thus far 
there appears to be little more than theo- 

105 Bennett. J- O., J. 8oc. Olasa Tech., 23, 
154-70 (1939). 


retical knowledge of this subject,^®® al¬ 
though some experimental work on flow 
properties of such beds is now becoming 
available.®*’ ®® Only in the work of Ben¬ 
nett and Brown,®® however, does the sug¬ 
gestion appear that the void volume of the 
bed controls the path of gas flow and is, 
in turn, partly controlled by it, and that, 
furthermore, large fractional void volumes 
may be confined to a particular region 
within the bed by making use of the me¬ 
chanical properties of flowing beds of 
broken solids to control segregation. 

It is evident from the discussion above 
that estimates of thermal properties of the 
materials forming the fuel bed and passing 
through it are required for the analysis. 
Conductivity and specific heat of the fuel 
are considered elsewhere the heat-trans¬ 
fer coefficient between solids and gases in 
the bed has been mentioned above;®® esti¬ 
mates of the heat capacity^®® and viscos¬ 
ity*®® of the bed gases are also available. 

106 Fuller, W. B., and Thompson, S. E., Trans. 

Am. 8oc. Civil Engra., 69, 67-172 (1907). 

Furnus, C. C., TJ. 8. Bur. Mines, Rept. Inveati- 
gationa, 2894 (1928), 10 pp. Westman, A. B. II., 
and Hiigill, H. R., J. Am. Ceram. 8oc., 13, 707- 
79 (1930). Manegold, B., Hofmann, K., and 
Solf, K., Kolloid-Z., 5«, 142-59 (1931). Mel- 
dau, R., Z. Ver. deut. Ing., 70, 1189-95 (1932). 
Meldau, R., and Stach, B., J. Inst. Fuel, 7, 
,3.36-54 (1934). StUokel, W., and Radt, W. P., 
Brennatoff-Chem., 15, 121—6 (1934). Koeppel, 
C., GlUokauf, 73, 309-78 (1937). Anderegg, F. 
()., Bull. Am. Ceram. 8oc., 16, 11-3 (1937). 
White, H. E., and Walton, S. F., J. Am. Ceram. 
8oc., 20, 155-66 (1937). 

107 Chapter 7. 

losChlpman, J., and Fontana, M. G., J. Am. 
Chem. 8oc., 67, 48-51 (1935). Brttckner, H., 
Gaa- u. Waaaerfaoh, 78, 637-9 (1935). Brtick- 
ner, H., and Bender, W., ibid., 79, 701-5 (1936). 
Murphy, G. M., J. Chem. Phya., 5, 637-41 
(1937). Penning, R. W., and WhiflPen, A. C., 
Phil. Trana. Roy. 8oc. (London), A238, 149-212 
(1939). Sweigert, R. L., and Beardsley, M. W., 
Georgia State Eng. Expt. Bta., Bull. 2 (1938), 
11 pp.; Mech. Eng., 61, 389-90 (1939). 

109 Bremond, P., Compt. rend., 196, 1472-4 
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FURNACE VOLUME REACTIONS 

In all grate-fired furnaces, the last por¬ 
tion of the combustion process takes place 
in the furnace above the fuel bed. There 
has been relatively little study of this proc¬ 
ess, although the development of high boiler 
settings, and the increase in stoker ratings 
attained after their introduction, in the 
1920’s, attest to the importance of this 
portion of the combustion process. Com¬ 
bustion in the furnace is responsible for 
two functions: (1) to burn out the carbon 
remaining in particles of fly coke ejected 
from the bed by the high velocity of gas 
flow; and (2) to burn the combustible gas 
flowing out of the bed, resulting either from 
carbonization processes occurring in the 
bed or from incomplete combustion of 
carbon monoxide or hydrogen. 

From the point of view of securing rapid 
completion of these reactions, the furnace 
is an ineffective reaction space because of 
the relatively low velocity of flow through 
it and the relatively large cross section of 
the gas stream with respect to its length, 
which leads to stratification or the exist¬ 
ence of great disparities m the composition 
of the gases at points in the same cross 
section. Close to the furnace exit there 
may be sections of the stream containing 
relatively large concentrations of combus¬ 
tible gas alongside of filaments containing 
large concentrations of oxygen, so that 
neither filament has completed its work. 
Still, because of the slow velocity of mixing 
associated with the low gas velocity, com¬ 
pared with the large cross sections of these 
filaments, the stream may leave the fur¬ 
nace and enter a relatively cool space, 
where reaction cannot proceed at any con¬ 
siderably speed without these filaments 
combining to produce complete combustion. 

The burning-out of particles of fly coke 
probably is governed by the same laws as 


pulverized-coal-firing.^^*^ The factors af¬ 
fecting the rate at which the gas burns out 
in the furnace were partially investigated 
by Kreisinger and his coworkers.^^^ Though 
a complete analysis of the process is not 
available, the hydrodynamics of the sys¬ 
tem have been studied in model experi¬ 
ments in Germany and in many cases 
the results have been checked in traveling- 
grate-fired furnaces in practice by the 
application of high-pressure overfire air jets 
as indicated by the experiments. The en¬ 
gineering application is now being extended 
in this country®^ but this is carried out 
largely on an empirical basis without bene¬ 
fit of theoretical or model investigations. 
It appears from the German work that, in 
this system, the gross mixing rates of the 
furnace atmosphere are the most important 
factors in determining the rate of burning- 
out of furnace gases. There has been no 
indication that any other data”® than the 
rate at which the mixing is brought about 
are significant for an estimate of the effec¬ 
tiveness in producing complete combustion 
of a given method of producftig mixing. 
There is, however, no satisfactory measure 
of such an effectiveness of mixing, so the 
last statement must be considered as quali¬ 
tative, only. 

110 Cf. Chapter 34. 

111 Clement, J. K., Frazer, J. C. W., and 
Aujjustine, C. E., V. 8. Bur. Mines, Tech. Paper 
03 (1914), 46 pp. Kreisinger, H., Augustine, 
C. E., and Ovltz, F. K., U. 8. Bur. Mines, Bull. 
135 (1917), 144 pp. 
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Eng., 50, 235-7 (1934). Hoerner, S., Z. Ver. 
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Arch. Eisenhuttenw., 10, 505-10, 641-8, 11, 67- 
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Flames and Explosions oj Qases, Cambridge 
Univ. Press, London, 1938, 415 pp. 
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In a fuel bed, the temperatures are less 
completely determined by the external heat 
transfer than they are in a powdered-fuel 
furnace, but the temperature in the open 
furnace is largely determined by this fac¬ 
tor. The relative independence of the bed 
temperatures is caused by the fact that 
conductivity of the bed is responsible for 
only a fraction of the heat flow due to 
convection, except where the temperature 
gradients are very large. Thus, at the end 
of the fuel-bed gas path where the gas 
enters the furnace, where the reactions are 
nearly complete, conduction along the path 
of the gas flow is relatively small, and the 
temperature at any point is almost com¬ 
pletely determined by the heat content of 
the gas flowing to that point, and so by 
the extent to which the reactions have pro¬ 
ceeded at earlier points in the path. At 
this end of the gas path, the solids of the 
bed do lose heat to the distant furnace 
walls or cold surface, and this loss is made 
up partly by conduction from the imme¬ 
diately adjacent portions of the bed and 
partly by the gas convection. Because of 
the small ratio of the heat flow by conduc¬ 
tion to that by convection, however, this 
effect does not extend far from the furnace 
end of the bed. This characteristic is 
shown by the bed temperatures observed 
by Nicholls.®® 

In the open furnace, on the other hand, 
the change in temperature is entirely deter¬ 
mined by a balance between the heat re^ 
leased at a point and the interchange of 
heat with the surroundings, largely by 
radiation. The temperature at any point 
in the furnace is of great importance in 
determining the incidence of troubles at 
that point due to slagging, and to some 
extent due to clinkering, though the latter 
are more dependent on fuel-bed tempera¬ 
tures. It also helps to determine the tem¬ 


perature and composition of the gases en¬ 
tering the convection surface of the boiler, 
heater, etc. The problem of slagging is 
great enough to command an entire report 
in this monograph, so no attempt will be 
made to treat it here.^^* Heat transfer in 
the furnace takes place mainly by way of 
radiation, though there undoubtedly is a 
small contribution due to convection.^^® It 
is to be noted that, in order to estimate 
the heat lost from the furnace side of the 
fuel bed, an accurate map of the surface 
temperatures of the bed would be neces¬ 
sary. It probably may be assumed that 
the fuel-bed radiation would be essentially 
“gray?” that is, proportional to that pro¬ 
duced by a '"black body” at the same tem¬ 
perature, and having emission coefficient 
fairly close to unity. Previous estimates of 
fuel-bed radiation to cold surface have 
probably been greatly in error, as it has 
been customary to assume a uniform radi¬ 
ating temperature for the entire surface. 
The studies previously referred 2®- 
to have provided the information necessary 
to make more realistic estimates of surface 
temperature so that better estimates of 
heat transferred from the bed to cold sur¬ 
face are now possible. 

114 Cf. Chapter 15. 
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Chemistry of Combustion 

STOICHIOMETRY 

The end products of combustion reac¬ 
tions and the heat quantities involved are 
relatively simple, being confined to carbon 
dioxide and water vapor in a complete re¬ 
action, but nevertheless there continue to 
appear, in the engineering periodicals de¬ 
voted to combustion, articles describing 
*‘new” methods of calculating these quanti¬ 
ties. There is no point to giving an ex¬ 
haustive list of these here, but some out¬ 
standing examples will be referred to. 

The fundamental calculations are easily 
available.®' ®® A good resume of simplified 
methods of calculation was presented in a 
special section of Power magazine in 
1940.^^® Rosindeveloped the so-called 
IT diagram for convenience in combustion 
calculations, but the temperatures calcu¬ 
lated by its use probably are of no signifi¬ 
cance in the combustion process. They 
certainly do not represent temperatures at¬ 
tained anywhere in a real furnace. In the 
way of combustion calculations there has 
even been given a design of slide rule for 
speedy computation^® 

Dolch, Fehling, and Thring’^® have de¬ 
scribed methods of calculating gas compo¬ 
sition and heat release in incomplete com¬ 
bustion. 

KINETICS OF COMBUSTION REACTIONS 

The chemistry of the heterogeneous re¬ 
actions between carbonaceous surfaces and 
oxidizing gases has been thoroughly re- 

116 Anon., Power, 84, 778-804 (1840). 

iiT Rosin, P., and Fehling, H. R., Dae IT-Dia- 
gramm der Verhrennung, Ver. dent. Ing. Verlag, 
Berlin, 1929, 32 pp. Kay, H., J. Inst. Fuel, 9, 
312-22 (1936). 

118 Boie, W., Feuerungstech,, 34, 189-91 

(1936). Lenhart, E., ibid., 25, 266-73 (1937). 

119 Dolch, P., Feuerungstech., 37, 109-12 

(1939). Fehling, H. R., J. Inst. Fuel, 14, 39-46 
(1940). Thring, M. W., Fuel, 30, 64-9 (1941). 


viewed.®®''®® The subject had been inves¬ 
tigated from the early days of chemistry, 
but, until Rhead and Wheeler^s hypothe¬ 
sis of the CgfOy complex,the investiga¬ 
tions revolved about polemics concerning 
which of the two oxides was primary and 
whether traces of water were essential for 
the reaction.^®® The interest in the subject 
did, however, yield some fairly good meas¬ 
urements of reaction rates, especially of 
the reduction of carbon dioxide.^®® 

Rhead and Wheeler’s ^®^ and, subse¬ 
quently, Langmuir’s high-vacuum work^®* 
showed that highly purified carbon surfaces 
were capable of holding oxygen even at 
combustion temperatures. It had long been 
appreciated that such surfaces could retain 
oxygen at relatively low temperatures and 
that, on removal, a large proportion of the 
oxygen came off only as oxides of carbon.^®® 
Rhead and Wheeler showed, by determin¬ 
ing the rate of reduction of carbon dioxide 
in a well-thermostated system and subse¬ 
quently measuring the concentration of car¬ 
bon oxides produced by the action of oxy¬ 
gen, that both carbon monoxide and car¬ 
bon dioxide must be considered primary 

120 Strickland-Constable, R. F., Fuel, 18, 89- 
93 (1940). Bangham, D. H., and Bennett, J. Q., 
ibid., 19, 95-101 (1940). 

• 121 Rhead, T. F. E., and Wheeler, R. V., J. 
Chem. 8oc., 101, 831-46, 846-66 (1912), 108, 
461-89, 1210-4 (1918). 

122 Baker, H. B., J. Chem. Boo., 47, 349-52 
(1885). Lang, J., Z. physik. Chem., 2, 161-83 
(1888). Dixon, H. B., J. Chem. Boo., 75, 630-9 
(1899). Armstrong, H. B., J. Boo. Chem. Ind., 
34. 473- 82 (1905). 

128 Naumanii, A., and Plstoi, C., Ber., 18, 
1647-57 (1886). Boudouard, O., Bull. soc. 
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Clement, J. K., Adams, L. H., and Haskins, C. 
N.. Univ, III. Expt. Bta., Bull. 80 (1909), 46 pp. 
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products. Langmuir showed that high- 
vacuum technique could entirely eliminate 
the incidence of secondary reactions. This 
tool was used by Eucken^^® and his stu¬ 
dents in investigations of the mechanism 
of combustion of graphitic carbon by oxy¬ 
gen, carbon dioxide, water vapor, and nitric 
oxide. Meyer found, in experiments 
carried out at pressures of the order of 
10*^ millimeter of mercury in flowing gases, 
that oxygen reacted with carbon filaments 
to give equimolecular quantities of carbon 
monoxide and carbon dioxide in a first- 
order reaction up to temperatures of the 
order of 1,500® C, while, at temperatures 
above that, 2 moles of carbon monoxide 
were produced for each mole of carbon 
dioxide in a zero-order reaction. These 
results were substantiated in further 
work.^2®'^29 It -yvas also shown that the 
electric resistance of carbon filaments ex¬ 
posed to oxygen at combustion tempera¬ 
tures increased, suggesting the adsorption 
of oxygen; and that carbon dioxide and 
water vapor reacted with carbon filaments 
in a zero-order reaction, having a heat of 
activation of 90 kilocalories. 

Sihvonen found qualitatively similar re¬ 
sults, although they differed in detail, at 
least partly because the filaments used by 
Sihvonen were less uniform than those used 
by Meyer. Sihvonen was an unusually pro¬ 
lific writer for this field, and only a few of 
his articles are listed herewith; the last 

126 Eucken. A., Z. angew. Chem., 43, 986-93 
(1930). 

127 Meyer, L., Z. phyaik. Chem., BIT, 385-404 
(1932). 

128 Meyer, L., Z. Elektrochem., 40, 640-1 
(1934). Martin, H., and Meyer, L., ibid., 41, 
130-46 (1935). Boersch, H., and Meyer, L., 
Z. phyaik. Ghem., 820, 59-64 (1935). 

128 Meyer, L., Trana. Faraday 8oc., 34, 1053- 
61 (1938). 

180 Sihvonen, V., Z. Elektrochem., 80, 806-7 
(1930), 40, 456-60 (1934) ; Brennatoff-Chem., 


citation gives a complete list of his publi¬ 
cations. 

Mechanisms for these reactions were pro¬ 
posed by the authors which involved the 
holding of oxygen to graphitic surfaces by 
primary or secondary valences. Meyer’s 
and Eucken’s analysis tended toward the 
latter, suggesting an adsorption of oxygen 
molecules linked across two carbon atoms 
in the graphite hexagon, which were sub¬ 
sequently released by the impingement of 
another oxygen molecule from the gas 
phase. Sihvonen’s mechanisms suggested 
the formation of keto- and ketene groups 
through primary valence reactions, these 
groups subsequently being evaporated. It 
seems likely that a clearer picture of the 
nature of the bound oxygen and perhaps 
of the kinetics of its release may result 
from a correlation of the extensive studies 
of adsorptive carbons discussed below. Be¬ 
fore leaving the work of this school, how¬ 
ever, it should be noted that the reaction 
rates found by Meyer, even though of the 
first order, could not account for the rates 
of burning measured by those who worked 
at atmospheric pressure by a factor greater 
than 10.®®’ A possible explanation of 
this fact is that the carbons used in the 
atmospheric pressure work were so porous 
that a very extensive internal surface was 
available for reaction.^®^ 

Considerable work has been done on the 
rates of the oxidizing reactions at normal 
pressures, mainly in connection with esti¬ 
mates of the reactivity of coke.^®- Results 
of special significance with respect to the 
chemical mechanisms involved have been 
obtained from measurements with air or 

17, 281-5 (1936) ; Trana. Faraday 8oo., 84, 
1062-74 (1938). 

131 C£. ref. 76 (1939) and ref. 90 (1942). 
Thiele, E. W., Ind. Eng. Chem., 81, 916-20 
(1939). 

132 See Chapter 24. 
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oxygen,^*® with carbon dioxide,^®* and with 
steam, nitric oxide, etc.^®® 

A large amount of work on the kinetics 
of these reactions has been done by the 
Russians.®®’ ^®® Frank-Kaminetskii’s obser¬ 
vations on the reduction of carbon dioxide 
appear to be in agreement with previous 
work.®®’^®® Unless, however, the experi¬ 
mental observations are given in much 
greater detail in the Russian articles than 
in the available English translations, it 
appears that Chukhanov's interpretations 
cannot be given great weight. The division 
of the combustion mechanism into two 
steps, the so-called oxidation and combus¬ 
tion reactions, was based on experiments in 
which a suspension of charcoal in air or 
oxygen was passed through a heated fur¬ 
nace. In the neighborhood of 700° the 

IBS Oshima, X., and Fukuda, X., Proo. ird In¬ 
tern. Conf. Bituminous Coal, 2, 448-84 (1981). 
Oodbert, A. L., Safety Mines Research Board 
{London), Paper 68, (1931), 9 pp. Blayden, H. 
E., and Riley, H. L., Qas World, 99, Coking 
Sect, 116-21 (1938). Lambert, J. D., Trans. 
Faraday Soc., 82, 452-62 (1936). 

1 S4 Oshima, Y., and Fukuda, Y., J. Soc. Chem. 
Jnd. {Japan), 82, Suppl. binding, 208-10, 226-7, 
251-2 (1929); Fuel, 9, 5, 200 (1930). Broom, 
W. E. J., and Travers, M. W., Proo. Roy. Soc. 
{London), A185, 512-37 (1932). Bolland, C. B., 
and Cobb, J. W., J. Soc. Chem. Ind., 52, 153-9T 
(1933). Blakeley, T. H., and Cobb, J. W., Inst. 
Gas Engrs., Commun. 104 (1934), 49 pp. Qas 
J., 208, 351-3, 526-7, 748-9 (1934). Mayers, 
M. A., ref. 76. 

135 Key, A., and Cobb, J. W., J. Soc. Chem. 
Ind., 49, 439-44T (1930). Meyer, L., Naturwis- 
sensvhaften, 20, 791 (1932) ; Brennstoff-Chem., 
14, 33 (1933). Strickland-Constable, R. F., 
Trans. Faraday Soc., 34, 1374-80 (1938). 

136 Grodzovskll, M. K., and Cliukhanov, Z. F., 
Compt. rend. acad. sd. U.R.S.8., 3, 356-9 
(1934). Grodzovskll, M. K., and Chukhanov, Z. 
P., Khim. Tverdogo Topliva, 7, 902-19, 986-98 
(1936) ; J. Appl. Chem. {U.S.S.R.), 9, 73-81 
(1936); Fuel, 15, 321-8 (1936). Chukhanov, 
Z. F., J. Tech. Phys. {V.S.S.R.), 8, 147-61; 621- 
32 (1938) ; Fuel, 18, 292-302 (1939), 19, 17-20, 
49-50, 64-7 (1940). Frank-Kaminetskil, D. A., 
Compt. rend. acad. sci. U.R.S.S., 28, 663-5 
(1939) ; Chem. Ahs., 84, 4648 (1940). 


evolution of carbon monoxide was said to 
increase abruptly. In this type of experi¬ 
ment, secondary reactions are not excluded; 
furthermore, the temperature was not uni¬ 
form throughout the furnace, so that the 
results should be examined in the light of 
an analysis of reaction rates in noniso- 
thermal fields.^^ Under the circumstances, 
the observations do not seem to demand a 
particular solution for their adequate state¬ 
ment, so that, even though Chukhanov’s 
analysis did represent the data, that analy¬ 
sis could hardly be considered unique. 

There has been in the past no indication 
of the existence of a marked velocity co¬ 
efficient of the formation of carbon monox¬ 
ide,®® although velocities have been at¬ 
tained in fuel beds of the same order as the 
lower ones reached in Chukhanov’s experi¬ 
ments. The appearance of somewhat in¬ 
creased carbon monoxide at high velocities 
was to be expected on the grounds of the 
conventional picture of the combustion of 
carbonaceous phases in which both carbon 
monoxide and carbon dioxide are formed 
at the reacting surface, the carbon monox¬ 
ide being oxidized further in its diffusion 
out into the main gas stream. Such a pic¬ 
ture was based on Tu, Davis, and Hot- 
tel’s’^® observation of a blue halo about 
their burning sphere and on the observa¬ 
tion of a steady blue flame approximately 
midway in a fixed diffusion path apparatus 
orally reported by S. P. Burke. On the 
other hand, Parker and Hottel ^® found no 
evidence of any carbon monoxide in their 
microsampling experiments. Although their 
analysis of the transport phenomenon may 
be criticized through its failure to take ac¬ 
count of oxygen and carbon dioxide flow 
by convection, which renders suspect the 
significance of the concentration gradients 

137 Shermao, J., Ind. Eng. Chem., 28, 1026-31 
(1936). 
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they observed, it seems that they should 
still have found carbon monoxide close to 
the particle surface if any was formed. 
The fact that the first-order reaction rates, 
referred to the surface oxygen concentra¬ 
tion, gave a unique Arrhenius correlation 
on the assumption of zero monoxide forma¬ 
tion, and failed to do so if the monoxide 
was assumed to be present, supports their 
experimental observations. For the time 
being, it seems advisable to accept Chuk- 
hanov^s observations, pending their confir¬ 
mation by independent observations; ac¬ 
ceptance of his interpretation may, how¬ 
ever, be suspended until critical experi¬ 
ments can be made to distinguish between 
the mechanism he proposed and such phys¬ 
ical factors as those suggested by Thring.*^ 

Investigations into the nature of active 
carbon surfaces^®® have produced a quan¬ 
tity of information which, although still 
uncorrelated with kinetic studies, may be 
expected eventually to throw some light on 
the nature of the carbon-oxygen surface 
complex. Oxygen admitted to a clean 
carbon surface is very strongly held, the 
initial increments having heats of adsorp¬ 
tion of up to 90 kilocalories per mole. 
This adsorption goes on at a slow rate ap¬ 
parently because of relatively slow diffu¬ 
sion to more remote portions of the carbon 
surface. It can be removed only by evacu¬ 
ation at elevated temperatures when the 
oxygen is recovered in the form of oxides 
of carbon. When, however, a surface which 
is thoroughly saturated with oxygen is 
pumped off without raising the tempera¬ 
ture, fresh oxygen admitted is adsorbed 

1 B8 Lowry, H. H., and Hulett, G. A., J. Am. 
CHem. Boo., 42, 1408-19 (1920). Garner, W. H., 
and McKie, D., J. Ohem. Boo., 1927, 2461-7. 
Keyes, F. G., and Marshall, M. J., J. Am. Ohem. 
Boo., 48, 166-78 (1927). Lamb, A. B., and Ohl, 
B. N., ibid., 60, 1287-90 (1938), 61, 628 (1939). 
Muller, S., and Cobb, J. W., J. Ohem. Boo., 1940, 
177-83. MarshaU, M. J., and Findlay, R. A., 
Can. J. Reeearoh, 18B, 86-48 (1940). 


physically only and may be recovered by 
pumping. 

Other work has shown that oxidized car¬ 
bon surfaces may have either acid or basic 
properties.’®® Related results were ob¬ 
tained by Lambert and Strickland-Con- 
stable,^*® who classified the surface oxides 
on carbon as of labile and stable types. 
The stable oxides retard the oxidation, 
while the normal reaction proceeds through 
the labile type. This point of view is simi¬ 
lar to the position taken by Polanyi,’^’ 
who pointed out that catalysis is favored 
by weak rather than by strong adsorption, 
since strongly adsorbing active surfaces re¬ 
moved themselves from the kinetic field by 
being stably covered with reagent. Strick- 
land-Constable, in supporting his thesis that 
the surface oxides are of at least two dif¬ 
ferent kinds, stressed the reasonable sup¬ 
position that, if the formation of the same 
oxides as produce the extraordinary heats 
of reaction observed by Garner and Mc- 
Kie,^®® and are so strongly held that they 
are removed only by evacuation at tem¬ 
peratures above 1,000®, were responsible 
for the oxidation of graphite, the reaction 
would be of zero order, and would take 
place relatively slowly since only a small 
portion of the exposed surface would be, 
at any moment, available for reaction. 
But, in fact, the oxidation reactions are 

189 Shilov, N., and Chmutov, K., Z. phyeik. 
Ohem., AMS, 233-6 (1930). Shilov, N., Shatu- 
novska, H., and Chmutov, K., ibid., A149, 211- 
22 (1930). King, A., J. Ohem. Boo., 1933, 
842-6, 1984, 22-6. King, A., and Lawson, C. 
G., Trans. Faraday Boc., 80, 1094-103 (1934). 
King, A., J. Ohem. Boo., 1934, 1975-80, 1935, 
889-94, 1936, 1688-92. Hofmann, U., and 

Riidorff, W., Trans. Faraday Boo., 34, 1017-21 
(1938). Riley, H. L., ibid., 84. 1011-6 (1938). 
Larsen, E. C., and Walton, J. W., J. Phys. 
Ohem., 44, 70-85 (1940). 

140 Lambert, ,T. D., Trans. Faraday Boo., 84, 

1080-2 (1938). StricklandConstable, R. F., 

ibid., 84, 1074-80 (1938). 

141 Polanyi, M., J. Boc. Ohem. Ind., 54, 12d'4T 
(1935). 
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found to be of the first order with respect 

to the oxidizing gas concentration;^ 21 . 127 . 

128,180 0 ven the oxidations by carbon diox¬ 
ide and steam, which were found to be of 
zero order in vacuum apparatus,lao 

of the first order at atmospheric pressure 
in experiments in which the gas is always 
at the temperature of the reacting sur- 
face.'^®'®^ It may be hoped that more 
complete analyses of the kinetics of sorp¬ 
tion ^^2 may help to clarify some of these 
anomalies. 

In summary, then, it may be considered 
that the mechanism of oxidation of graph¬ 
ite by gases is still a largely unsolved prob¬ 
lem. The lines of attack are laid out, and 
the general nature of many of the ultimate 
characteristics of the reaction scheme are 
already known, but the job of digging out 
the details and substantiating them re¬ 
mains to be done. There appear to be 
two methods that should be pursued in 
parallel: one is the investigation at normal 
pressures, by means of Mayers’ ^®* ^ 20,143 
scheme of increasing gas velocities until the 
observed rate of reaction reaches and re¬ 
mains at a maximum value; the other in¬ 
volves vacuum methods and can probably 
be reduced to still better control by the 
use of a 'Wlecular beam” type of appa- 
ratus,^^'^ which permits control of gas tem¬ 
perature as the Sihvonen or Meyer ap¬ 
paratus does not 129 , lao which may 
permit the attainment of higher effective 
beam concentrations than in that api)a- 

142 Wilkins, F. J., Proc. Hoy. 80 c. {London), 
A104, 496-609 (1938). Kimball, G. E., J. Chem. 
Phya., 6 , 447-53 (1938). Laidler, K. J., Glass- 
tone, S., and Eyring, H., ibid., 8, 659-67, 667-76 
(1940). 

i48Khaikina, B. E., J. Tech. Phya. {IJ. 8 . 8 .R.), 
8 . 63-64 (1938). Vulis, L. A., and Vltraan, L. 
A., ibid,, 11, 609-18 (1941) ; Chem. Aba., 85, 
6602 (1941). 

144 Fraser, R. Q. J., Molecular Raya, Cam¬ 
bridge Univ. Press, London, 1931, 204 pp. 
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ratus without serious incidence of second¬ 
ary reactions. 

All the material discussed above was 
concerned with the reaction of gaseous ox¬ 
idizing agents with graphite, or sensibly 
graphitic forms of carbon. The general 
thesis is probably acceptable that there is 
no definite dividing line between graphite 
on the one hand and the rather highly 
condensed carbonaceous materials repre¬ 
sented by cokes and chars and other highly 
condensed polycyclics on the other.^^® This 
does not, however, permit an extension 
from a sketchily known mechanism on 
graphite, through an unexplored connec¬ 
tion between graphite and coal, to an esti¬ 
mate of the nature of the reaction between 
coal and oxidizing gases. It is known that 
coal is capable of absorbing oxygen at low 
temperatures and retaining it very 
strongly,^^® and that oxygen so absorbed is 
recovered largely in the form of oxides of 
carbon and water vapor, on heating, in 
analogy with the behavior of graphitic 
materials. Such absorption proceeds at a 
decreasing rate as the coal becomes more 
thoroughly covered, just as the low-tem¬ 
perature reactions proceed on graphitic 
materials; on the other hand, the oxidation 
cau.se.s gross changes in the nature of the 
coal, altering its characteristics on carboni¬ 
zation in the direction of decreasing 
rank.^^^ 

It is i)robably true that all coals have 
been converted to coke before the rates of 
their rapid burning become of interest, and 

i4r> Hofmann, U., and Sinkel, F., Z. anorg. 
allgem. Chem., 246, 86-102 (1940). 

146 Porter, II. C., and Ralston, O. C., ref. 125. 
Newall, H. E., Fuel, 14. 160-7 (1936). Krym, 
V. S., Khim. Tverdogo TopUva, 8, 461-72 
(1937) ; Chem. Aba., 82, 1428 (1936). Krym, 
V. S., and Bemenikhin, S. I., Khim. Tverdogo 
TopUva, 8, 782-6 (1937) ; Chem. Aba., 32, 2819 
(1938). Holmes, C. R., Brewer, R. B., and 
Davis, J. D., Ind. Eng. Chem., 32, 792-7, 980-4 
(1940). 

147 See Chapters 18 and 28. 
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in this form it seems likely that their re¬ 
actions are nearly enough like those of 
graphite so that studies of this material 
may be extended to them. On the other 
hand, heat release by the coal itself may 
be important in the initial stages of heat¬ 
ing leading to ignition in many types of 
apparatus; it almost certainly is in pul- 
verized-coal firing. For this reason, re¬ 
action rates of coals at relatively low tem¬ 
peratures, but still high enough so that 
the reaction proceeds continuously, are of 
considerable interest. Apparatus for this 
measurement is available,^*® by means of 
which the rates of the oxidation of many 
coals and cokes have been determined. 
The apparent heat of activation of the re¬ 
action is found to change regularly with 
the rank of the coal, being quite small, of 
the order of 12,000 calories, for low-rank 
bituminous coals and lignites, increasing to 
values of about 18 kilocalories for high- 
rank bituminous coals and anthracite and 
then to nearly 30 kilocalories for high-tem- 
perature coke. This determination as¬ 
sumes that the reaction is of the first order 
as it is ordinarily carried out, by making 
observations in systems containing differ¬ 
ent concentrations of oxygen, usually 100 
percent, and that of air, 21 percent. The 
assumption, however, has been checked by 
making multiple observations in which the 
rate of heating is varied and has been 
found to be true for coals and for cokes 
not treated with soda. There is no ques¬ 
tion of transport of the oxidizing gas en¬ 
tering the picture at the low reaction rates 
involved in this determination, so the con¬ 
clusion as to the order must apply directly 
to the primary process. When, however, 
the reaction rates of cokes treated with 

148 Sebastian, J. J. S., ami Mayers, M. A., 
Ind. Enff. Chem., 29. 1118-24 (1937). See Chap¬ 
ter 24. 


alkalies or alkali carbonates were deter¬ 
mined, it was found that, not only was the 
reaction rate materially increased, in agree¬ 
ment with other work, but the reaction 
was found to fall off from unit order, with 
increasing oxygen concentration, toward a 
reaction of zero order for oxygen pressures 
slightly greater than atmospheric.^^® 

Conclusion 

The combustion of solid fuel is a chemi¬ 
cal process for making available the heat 
of combustion of a variety of solid car¬ 
bonaceous materials which are extensively 
used as a source of power. Commercially, 
however, the rates of burning attained are 
conditioned not by the rates of the chemi¬ 
cal reactions but by the arrangement of 
the various parts of the combustion appa¬ 
ratus. This has been developed empirically 
by the exercise of the inventor’s art. Fur¬ 
ther advances may be expected, however, 
by directed study of the factors limiting 
the process in existing types of equipment. 
Such studies must be concerned primarily 
with the physical, rather than the chemical, 
limitations imposed by the system. 

Problems which call for practical solu¬ 
tions include: (1) control of the rates of 
carbonization and ignition in fuel beds, in¬ 
cluding the factors which result in smoke 
production and in coke-tree formation; (2) 
control of temperature at various zones in 
fuel beds—the crux of the clinker problem 
—^the achievement of which might result in 
new standards of gas production practice; 
and (3) control of furnace reactions above 
the fuel bed. 

The solution of these problems requires 
better measurements of the reaction rates 
in beds of broken solids, and their be¬ 
havior near the limits of bed stability; 

149 SobaMtian, J. ,T. S,, Symposium on Com- 
hustion of Solid Fueh BoBtoii Meeting, American 
Chemical Society, September 12, 1939, pp. 37-40. 
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accurate determinations of heat transfer in, 
and conductivity of, such beds; adequate 
analytical methods for the interpretation of 
experimental results of tests on fuel beds; 
and the development of criteria of simi¬ 
larity so that model tests of determinable 
significance can be made both on fuel beds, 
especially for the flow of particulate ma¬ 
terials, and on combustion spaces. 

On the other hand, continued engineer¬ 
ing development is required to elaborate 
new devices capable of satisfying the more 


exacting requirements that such advances 
will impose; able to produce the forces re¬ 
quired to control the flow of broken solids 
and to avoid, or control, segregation; and 
to facilitate utilization of such new prin¬ 
ciples of gas or heat production as may 
appear from continued investigations. Fur¬ 
thermore, engineering analysis is needed 
for the full utilization of existing equip¬ 
ment and fuel resources to the end that the 
overall best results may be obtained for 
minimum expenditures. 
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THE COMBUSTION OF PULVERIZED COAL 
A. A. Orninq 

Coal Research Laboratory, Carnegie Institute of Technology 


The use of pulverized coal has developed 
largely as an industrial art. The literature 
is filled with descriptions of equipment, re¬ 
ports of operating experiences, and test 
data. Knabner’s comprehensive bibliogra¬ 
phy of the literature up to 1930 ^ contains 
relatively few references to theoretical or 
experimental papers on the principles of 
combustion. 

The early history of the use of pulverized 
fuel is vaguely defined. The failure to 
comprehend the burning of solid fuel while 
suspended in air, as a distinctive method 
of firing, as well as the lack of knowledge 
of the technical requirements, (jontributed 
to its slow development.^ 

The first important industrial develop¬ 
ment ^ followed the experiments of Hurry 
and Seaman of the Atlas Portland Cement 

1 Knabnor, O,, Auf das Schrijltum Kohlvn- 
stauh, eine Zusammenstellung der einschlUgigen 
Veroffentlichungen, Verlag Ver. deut. Ing,, Ber¬ 
lin, 19a0, lie pp. 

2 Crampton, T. R., J. Iron Steel Inst., T, 
91-101 (1878). Anon., Engineering, 61, 80-1 
(1896). Low, F. R., Trans. Am. Soc. Mech. 
Engrs., 36, 123-36 (1914). Brooks, H. W., 
Mech. Eng., 47 , 89-93 (1925). Renkin, W. O., 
Trans. Fuel Conf., World Power ConJ., London, 
3. 407-37 (1928). Bhmig, J., Wdrme, 82, 377- 
80 (1939). See also Harvey, L. C., Pulverised 
Fuel, Colloidal Fuel, Fuel Economy, and Smoke¬ 
less Combustion, Macmillan Co., New York, 1924, 
466 pp. 

8 Carpenter, R. C., Trans. Am. Soc. Mech. 
Engrs., 86, 85-107 (1914). Herington, C. F., 
Combustion, 7, 345-50, 862 (1922), 8, 42-8 
(1923). 


Company in 1894. The universal adoption 
of pulverized coal throughout the cement 
industry,^ except where local market con¬ 
ditions favor oil or gas, is evidence of their 
success, but the reluctance of cement manu¬ 
facturers to disclose their methods contrib¬ 
uted to the continued slow development. 
It was not until 1900 that it became gen¬ 
erally known that they were using pulver¬ 
ized coal. 

A typical cement kilii is a refractory- 
lined tube up to 10 feet in diameter and 
100 to 400 feet in length. The slope and 
rotation of the tube arc such as to keep 
the lining covered by the cement as it 
flows through the kiln. Temi)eratures near 
the burner arc high,*^ above 2,4(X)‘’ F, aid¬ 
ing the ignition process and bringing about 
re-ignition in the event of momentary 
stoppage of coal supply. A comparatively 
low rate of heat release, about 7,000 Btu 
j)er hour per cubic foot of total kiln vol¬ 
ume, indicates that ample time is available 
for complete combustion. The coal ash 
presents no difficulty; it is largely absorbed 
in the cement, and, being similar in nature, 
simply adds to the production. 

4 Ilardgrove, R. M., Am. Inst. Mining Met. 
Engrs., Tech. Pub. 1390 (1941), 9 pp.; Mining 
Technology, 5, No. 6, T.P. 1.300 (1941), 9 pp. 

5 Bailey, E. G., Proo. Ninth Fuel Engrs. Meet¬ 
ing, Appalachian Coals, Inc., 2, 182-209 (1935). 
Reaser, W. B., Trans. Am. Soc. Mech. Engrs., 
64, 265-71 (1942). 
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Although a momentary loss of ignition 
caused no difficulty, a complete loss often 
caused cooling stresses, loosening patches 
of refractory in a kiln which otherwise 
might have operated for a considerably 
longer time. This condition caused the 
cement industry to place emphasis on re¬ 
liability of operation. Since early pulver¬ 
izers were not reliable in continuous oper¬ 
ation, the bin and feeder system was almost 
universally adopted. In this system the 
pulverizers are operated a few hours a day 
and the pulverized coal is stored until 
needed. In order to prevent packing in 
the pulverized-coal bins it is necessary to 
dry the coal carefully. Wet coal also re¬ 
duces pulverizer capacities and increases 
the difficulty of distributing the coal in 
the air at the burners. 


Figure 1 shows typical cement-kiln in¬ 
stallations and contrasts the simplicity of 
the more modern direct-fired system with 
the complexity of the bin and feeder sys¬ 
tem. The direct system has been made 
possible by improvements in pulverizer de¬ 
sign. The costly and cumbersome coal 
drier has been replaced by sweeping hot air 
through the pulverizer. This hot air evap¬ 
orates the moisture from the coal and also 
carries the fine coal through the classifier 
and into the furnace. 

About 1903 the American Iron and Steel 
Manufacturing Company,® noting the suc¬ 
cessful use of pulverized coal in the cement 
industry, started experimental work on its 
application to their metallurgical furnaces. 

6 Lord, J., Proc. Engra Soc. West. Penna., 
20. 361-71 (1913). 



Fig. 1. Typical cement kiln Installations. (Courtesy of the Babcock & Wilcox Company.) 
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Their early Work was not very encourag¬ 
ing. They tested almost every available 
type of burning equipment without much 
success. They finally began to realize that 
success depended on the proper choice of 
operating variables rather than any special 
design of burner. In presenting the results 
of their work, Lord emphasized the neces¬ 
sity of careful drying, sufficiently fine pul¬ 
verization, and good feed control fn)m the 
storage bin to the burner, but gave prac¬ 
tically no information on burner design ex¬ 
cept that burners had been adapted to 
fates of coal feed ranging from 40 to 900 
pounds of coal per hour. 

The metallurgical industry has contrib¬ 
uted very little technical advancement to 
the use of pulverized coal. Its principal 
service has been to rediscover the methods 
employed by the cement industry and to 
disseminate information on methods and 
applications suited to the use of pulverized 
coal.^ The periods of active development 
have coincided with those during which 
there was a scarcity of ‘‘more desirable’’ 
fuels. The failure to achieve any real ad¬ 
vancement appears to have been due to 
an attempt to adapt pulverized coal to 
existing types of furnaces rather than 
adapting the furnaces to the use of pul¬ 
verized coal. 

The copper reverberatory furnace is an 
outstanding example of the successful ap¬ 
plication of pulverized coal to metallurgical 
furnaces.® Furnaces of this type are gener- 

. 7 Gadd, C. J.» J. Franklin Inat., 182, 823-52 
(1910). Longnecker, C., Iron Age, 102, 019-23 
(1918). MathewBon, E. P., and Wotherspoon, 
W. L., Trans. Can. Mining Inst., 22, 33-59 

i l919). Bean, W. R., Proc. Tenth Fuel Eng. 
(eeting, Appalachian Coals, Inc., 2, 208-73 
(1935). Campbell, C., Colliery Guardian, 151, 
907-8 (1935). Herington, C. F., Iron Age, 143, 
No. 3, 27-9, 67 (1989), 148, No. 6, 48-50, 84 
(1989). 

8 Bender, L. V., Trans. Am. Inst. Mining Met. 
Engrs., 51, 743-51 (1915). Browne, D. H., ihid.. 


ally fired from one end and have sufficient 
length, frequently over 100 feet, so that 
there is ample time for the coal dust to 
burn. In some furnaces the burners dis¬ 
charge directly over the melt; in others a 
chamber is provided so that ignition and 
partial combustion are complete before the 
flame reaches the main furnace. Contami¬ 
nation by ash can be minimized by fine 
pulverization and high gas velocities. 

Certain types of small metallurgical fur¬ 
naces, requiring controlled high tempera¬ 
ture rather than high thermal efficiency, 
are suited to pulverized-coal firing.® These 
furnaces are most often fired with oil or 
gas, but local shortages of these fuels have 
made it advisable to consider the use of 
pulverized coal. 

By 1920, the use of pulverized coal was 
well established in the cement industry and 
had found many applications in metallurgi¬ 
cal furnaces. A considerable variety of 
equipment was available for the prepara¬ 
tion and handling of pulverized coal.^® 
However, almost without exception suc¬ 
cessful and economical application involved 
either a large combustion si)ace ideally 
suited to the pulverized-coal flame or a 
small furnace in which the attainment of 
high temperature was desired, rather than 
high thermal efficiency, together with a 
comparatively high cost for oil or gas. The 
existing types of steam boilers had small 
furnaces set closely under the boilers. The 
destructive action of the flame on refrac¬ 
tory and boiler surfaces and frequent fail¬ 
ure to obtain satisfactory thermal efficien- 

51, 752-63 (1916). Kuzcll, C. R., Eng. Mining 
J., 101, 302-6 (1916). 

9 Engdahl, R. B., Iron Age, 150, No. 27, 27- 
31 (1942). Engdahl, R. B., and Graves, F. E., 
Trans. Am. 8oc. Mech. Engrs., 65, 31-45 (1943). 
Anon., Pulverized Coal for Metallurgical Fur¬ 
naces, Babcock and Wilcox Company, New York, 
1942, 12 pp. 

10 Blizard, .T., TJ. 8. Bur. Mines, Bull. 217 
(1923), 127 pp. 
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cies condemned applications to steam boil¬ 
ers to mediocre success. 

About 1917, John Anderson of the Mil¬ 
waukee Electric Railway and Light Com¬ 
pany started experiments on a 468-horse¬ 
power Edgemoor boiler. Careful tests on 



Fio. 2, Section through furnace, Oneida Street 
Station, Milwaukee. “ 

this unit led to the design of the Lakeside 
station which was placed in service and 
tested in 1921. Aside from their outstand¬ 
ing success, these installations were unique 
because: (1) considerable money was in¬ 
vested 111 furnaces which seemed best suiled 
to the purpose; (2) the units were fully 
and carefully tested; and (3), probably 
most imjiortant of all, the test data and 
operating experiences were published.^®' 

The first installation at the Oneida Street 
Station, Fig. 2, was a refractory furnace 
with high-velocity jet burners set in the 
front arch. In order to protect the ledge 

11 Kreisinger, H , and Bllzard, J., Mech. Eng,, 
4a. 321-2, 320 (1921); Jnd, Eng. Chem, 15, 
249-51 (1923). Kreisinger, H, Bllzard, J., 

Augustine, C. E., and Cross, B. 3, U. 8. Bur. 
Mine», Bull. 223 (1923), 92 pp., 237 (1926), 
77 pp. 
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below the burners, a water-cooling coil was 
placed across the bottom of the furnace. 
There was still some erosion on the back 
wall, but it was not considered advisable 
to extend the water-cooled area for fear of 
causing unstable ignition. 

Air-cooled refractory walls were used in 
the furnaces of the Lakeside Station, Fig. 3. 
It was expected that the ait-cooling would 
stop slagging and erosion of refractory. 

The Milwaukee experiences proved that 
pulverized coal could be burned at efficien¬ 
cies unattainable, at that time, in any other 
way. It was hoped that jiulverized coal 
would combine the flexibility and ease of 

Jl 



Pk.. 3 Soction through furnace. Lakeside 
Station, Milwaukee.^' 


control of oil or gas with the low cost of 
coal. It soon became apparent that the 
control could be obtained but that the 
range was limited. At low ratings, ignition 
was likely to be unstable. At higher rat¬ 
ings incomplete combustion, erosion, and 
accumulations of ash combined to limit the 
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economical range of operation. The wide 
publicity and thorough study given to 
these difficulties led to rapid development. 



Fio. 4. Section through furnace, Cahokia Stn 
tion, St. Louis.^' 

However, this development was cautiously 
based on small changes from existing types 
of proved success. 

The Cahokia Station of the Union Elec¬ 
tric Light and Power Company has prob¬ 


ably seen more of the evolution of modern 
pulverized-coal-fired boilers than any other 
single station.^® The first four installations 
were similar to those at Lakeside except 
for increasing amounts of water-cooled wall 
surface. The unit placed in operation in 
October 1927, Fig. 4, marked the close of 
one phase of development. The furnace 
was almost completely water-cooled. The 
much-feared unstable ignition was pre¬ 
vented by a combination of several factors. 
The cooling effect of the walls was com¬ 
pensated by a rise in average temperature 
due to lower excess air. The lower excess 
air was permissible on account of a differ¬ 
ent burner design in which the coal, to¬ 
gether with all the air needed for com¬ 
bustion, was mixed, given a whirling mo¬ 
tion, and blown into the furnace through 
the front wall. Ignition and intense com¬ 
bustion were held close to the burners. 
The early and intense mixing assured com¬ 
plete combustion with the reduced air sup- 
ply. 

The limitations of water-cooled walls 
were shown by an installation at Buffalo, 
N. Y., Fig. 5}^ Owing to special condi¬ 
tions, this unit was designed for high rates 
of heat release per unit volume, although 
at some sacrifice in efficiency. The burners 
were set in the walls of an 8-foot square 
well so as to give a powerful whirling ^ 
motion. The intense mixing, produced by 
centrifugal action, apparently increased the 
rate of heat release until bare wall tubes 
were blistered and refractory or iron-pro¬ 
tecting blocks suffered rapid erosion. Pos¬ 
sibly adequate circulation of pure water 
might have prevented tube damage, but it 

12 Tenney, E. H., Trane. Am. Soc. Mech. Bngre., 
40-50, FSP 60-71, 177-85 (1927-8) ; Mech. 
Eng., 50, 767-73 (1928) ; Proo. Srd Intern. OonJ. 
Bituminous Coal, 2, 370-99 (1931). 

18 Cushing, H. M., and Moore, R. P., Trane. 
Am. Soc. Mech. Engre., 40-50, FSP 60-10, 63-74 
(1927-8). 






Fig. 6 . Well-type furnace.’ 
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was indicated that even water-cooled walls 
could be damaged by extreme flame im¬ 
pingement. 

On the basis of the experience ^ith the 
first installation, three furnaces #ere in¬ 
stalled which had somewhat larger wells. 


The wall tubes were protected by smooth 
refractory-coated iron blocks. With less 
confinement, erosion was greatly reduced, 
but the temperatures were still high enough 
to cause molten ash to collect in the bot¬ 
tom of the well. When first encountered 



Fia. G. Experimental slag bottom furnace.^* 
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with the small well furnace,the molten 
ash presented a difficult problem. After a 
few trials it was found that the molten 
ash could be handled, even more easily than 
the dry, imlveiulent ash, by allowing it to 
flow into jets of water breaking it into a 
granular product. 

This was the first successful application 
of the slagging-ty])e furnace, but the idea 
was neither new nor without an intlustrial 
background. As early as 1(S78, Crami)ton 
suggested the use of ])iilvei’ized coal under 
steam boilers under such conditions that 
the ash would collect and could be inter¬ 
mittently tapped off in the molten form. 
The metallurgical industries had handled 
slags of similar composition for many 
years. The idea had been tried but given 
up as impractical until it was found to be 
the necessary and fully jiractical result of 
the use of an unusual type of furnace. 

In 192S, a more conventional type of 
furnace. Fig. 6, was modified for use as a 
slag-taj) furnace. The slag from a bitumi¬ 
nous coal having an ash-softening tempera¬ 
ture of 2,700® F could not be tajiped; that 
from a bituminous coal having an ash¬ 
softening temperature of 2,470® F was on 
the border line.^^ This limit was charac¬ 
teristic of the individual furnace. The tap 
hole was not located in the most advan¬ 
tageous position. The slag pool was ckxse 
under the burners but was cooled by radi¬ 
ation to bare wall and boiler tubes. 

Modern steam boiler furnaces using pul¬ 
verized coal have evolved from the types 
already discussed. The principal problems 
have been the disposal of ash and the pro¬ 
duction of steam at a predetermined pres¬ 
sure and suiierheat temperature at varied 
.>tearning rates. 

i4CiiKhing, H. M.. ibid., SI, 263-70 (1929). 

15 ('rampton, T. R., ref. 2. 

10 Sherman, R. A., Nicholls, P., and Taylor, 
E., Trans. Am. Hoc. Merh. JJngrs., 51, H99-410 
(1929). 


Figure 7 shows an open-pass type boiler 
with superheater, economizer, and air 
heater. The entire furnace is water-cooled. 
The jet burners are directed towards the 
bottom of the primary furnace. Tempera¬ 
tures are such that the ash is molten in the 
primary furnace and first open pass. The 
walls are covered by an equilibrium slag 
layer, the excess flowing continuously into 
the bottom of the furnace. In the second 
open pass, the downward flow hel])s jire- 
vent ash accumulations, although tempera¬ 
tures are such that the ash is in a sticky 
condition. In the final i)ass, the ash is dry 
and either falls into the ash hopper or is 
carried up the stack. The rate of heat ab¬ 
sorption, and, therefore, the temjierature of 
the gas reaching the superheater, depend 
upon the state of accumulation of ash. In 
order to control the superheat temperature 
the final i)ass is split into two parallel sec¬ 
tions: one contains only economizer coils; 
the other contains the superheater and the 
remainder of the economizer. The steam 
temperature is controlled by dampers regu¬ 
lating the proportions of gas flowing 
through the two sections. 

Figure 8 shows a twin furnace in which 
the dimensions are such that the ratio of 
wall area to volume is greater than in most 
conventional designs. This provides ade¬ 
quate cooling to prevent slagging of the 
closely spaced convection heating surfaces. 
The superheater, partly radiation and 
partly convection, is placed in one furnace 
only so that constant steam temperature 
can be maintained over a wide range of 
operation by varying the fuel ratio to the 
two furnaces. 

The furna(‘e shown in Fig. 9 has a forced 
circulation boiler, a novelty in American 
central-station practice. High-velocity jet 
burners are placed in each corner and di¬ 
rected towards the center of the furnace in 
such a way as to produce a powerful whirl- 
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Pio. 8. Builor unit with twin furnace. (Courtesy of the Foster-Wheeler Corporation.) 
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Fig. 9, Forced circulation boiler, tangentially fired, auxiliary oil burners. (Courtesy (»f the 
Combustion Engineering Company.) 


ing motion. The flame fills the bottom of 
the furnace, keeping the temperature on 
the floor high enough to slag the ash even 
from high-ash-fusion-temperature coals. 
Steam temperature is controlled by by¬ 
passing the final section of the superheater. 


Auxiliary Equipment, and Burners 

At about the same time that the slag- 
tap furnace was being developed, there was 
a general change in the equipment for pre¬ 
paring pulverized coal. Early boiler-plant 
installations closely followed the practice in 
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the cement and metallurgical industries. 
The demand for reliability dictated the use 
of the bin and feeder system with its high 
capital and operating costs for coal driers, 
cyclone dust separators, conveying equip¬ 
ment, and coal feeders. These costs were 
justified as long as they were less than the 
probable losses due to outages and de¬ 
creased flexibility in the direct-fired sys¬ 
tem.^’’ The two systems as applied to the 

i7(Jrunert, A. E., ibid., 83, FSP 53-4, 35-48 
(1931). 


same boiler are shown in Figs. 10 and 11. 
In the direct system, the coal flows by 
gravity from the bunker into the pulverizer 
and the pulverized coal is swept out and 
carried into the furnace by means of the 
primary air. The coal drier is eliminated. 
Drying is accomplished in the pulverizer 
by heating the primary air to such a tem¬ 
perature that the air leaving the pulverizer 
is above the dew point. 

Typical pulverizers adapted to direct- 



Fig. 10. Furnace with bin and feeder system.»» 
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Fig. 11. Furnace with direct-fired sjstom.” 


fired systems are shown in Fij^s. 12, 13, and 
14. Air classification has generally re¬ 
placed screens for rejecting coarse material 
to be reground. Such screens are often the 
cause of outages. The bearing surfaces are 
protected from coal dust and are lubri¬ 
cated while in operation. The grinding ele¬ 
ments are massive and can stand consider¬ 
able wear before replacement is necessary. 


Placing the primary air fan ahead of the 
])ulverizer eliminates fan wear due to abra¬ 
sion by coal. 

Along with the development in pulver¬ 
izers there has been a steady development 
in the design of burners. The simplest 
burner is merely a pipe introduced into a 
hole in the wall of a furnace. Others vary 
from changes in cross section of the end of 
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Fig 12 Raymond bowl mill (Courtesy of tlie Combustion Enginoerlnp Company ) 


the pipe to complicated arrangements of tions m the approach piping What hap- 
pipes, chambers, and nozzles Their es- pens in the burner, before heating and ig- 
seiitial function is to introdute coal and air nition processes begin, is of no importance 
into the furnace under such conditions that except as it influences gas velocities and 
stable flames can be maintained with mini- the concentration and velocity distribution 
mum danger of flashbacks into coal-sup- of coal particles 

plying equipment or piping Their per- Most of the burners in cement kilns, and 
formance depends not only on the burner many of those in the larger metallurgical 
but also on the furnace and on the condi- and steam-boiler installations, are high-ve- 
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locity lets blowing the coal, suspended in 
part or all of the air needed for combus¬ 
tion, into a long flame In order to obtain 
high ratings with such burners it ib neces¬ 
sary to provide either for extremely long 
fl imes or for a large number of small burn¬ 
ers with complicated sj. stems of approach 
piping 

Various devices have been used to obtain 
high capacities in short flames Such burn¬ 
ers generally rely on impingement of op¬ 
posing gas streams to bring about turbu¬ 
lence The types m most cohimon use^® 

18 KreiHlnger, H and Caracrlstl, V Z, Mech 
hng, 64 , 365-8 (1942) 


pas'^ the coal and primary air through a 
central tube and the second try air through 
a surrounding annulus The flow patterns 
111 the burner are such is to give these gis 
streims opposing rotations, and sometimes 
\ mes break them into a number of smaller 
streams Ignition occurs m the primary 
air stream before mixing with the sec¬ 
ondary air 

PuLVFRizFD Coal in Small Furnacfs 

The more successful apiilications of pul- 
\erized coal ha\e been m lirge furnaces 
where unple spue is ivailable for com¬ 
plete combustion without impingement of 
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Fig 14. Double'Classifier ball mill (Courtesy of the Poster Wheeler Corporation ) 
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flames on furnace walls. Since 1930 most 
installations of large steam boiler furnaces 
have been fired with pulverized coal. There 
has been a tendency to develop standard¬ 
ized types of small boilers which can be 
fired with pulverized coal, oil, or gas, as 
illustrated by Fig. 15, but on units of less 
than 26,000 to 30,000 pounds of steam per 
hour most coal-fired units are stokers.^® 

19 RosencrantH, F. H., Combustion^ 0* No. 10, 
31-6 (1038). 


There have been many attempts to ap¬ 
ply pulverized coal to standard types of 
steam locomotives.^® The most extensive 
tests have been made in Germany, where 
high fuel costs and the scarcity of oil have 

20 Muhlfeld, J. B., Trana. Am. 8oc. Meoh. 
Engra., 88, 1043-83 (1016). Kleinow, B. W., 
Proc. 2nd Intern. Conf. Bituminoua Coalj 1, 
792-810 (1928). Roosen, R. O., Trana. Am. 
8oc. Mech. Engra., 52. RR-52-8, 97-107 (1030) ; 
Proc. Srd Intern. Conf. Bituminoua Coal, 2, 
85-106 (1931). 



Fiu. 15. Standardized small boiler unit adapted to firing of ]>ulverized coal, oil, or gas. (Courtesy 
of the Combustion Engineering Company.) 
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given impetus to developments for more 
economical use of coal The low cost of bi¬ 
tuminous coal, the ease of burning oil, and 
the adaptability of the Diesel engine to 
railroad practice have limited such devel- 
oi)ments in this country. Large-scale use 
of pulverized coal will probably depend 
upon the development of new types of lo¬ 
comotives combining the economies of cen¬ 
tral-station practice with the limited di¬ 
mensions available in railroad practice. 

Raw Coal Dust and Combination 
Fiking 

With coals that produce large quantities 
of fine slack, particularly the German brown 
coals, it is possible to dispense with part 
or all of the pulverization equipment.-^ In 
Kramer mill firing, a hammer mill is set at 
the bottom of a deep shaft alongside the 
furnace. Drying is accomplished in the 
shaft. Fine particles are blown directly 
into the furnace without reaching the mill. 
Sometimes screens have been provided to 
keep the coarser iiarticles from being blown 
into the furnace. 

In raw-coal-diLst firing the combustion 
of large particles is completed on a ])inhole 
grate. This is really a sprejuler stoker in 
which most of the combustion is completed 
while the coal is in susjiension. In so far 
as that jiart of the combustion which oc¬ 
curs m susiiension is concerned, the per¬ 
formance of a spreader sUiker is a con¬ 
tinuous extension of the pulverized-coal 
furnace. The percentage of the tot^l com¬ 
bustion which is completed in suspension 
may be varied within wide limits. It is 
necessary, however, to take into account 
the particle-size distribution and the envi¬ 
ronment of the individual burning parti¬ 
cles. There appears to be some loss due 

Schulte, F., Z. Ver. deut. Ing., 80, 1237-42 
(1936). Sch6ning, W., Arch. WOrmewirt., 20, 
307-9 (1939). 


to medium-sized particles light enough to 
be carried in the gas stream and yet so 
large that combustion is not completed in 
the furnace. 

Combination firing of pulverized coal 
with oil or gas has often been used. Some¬ 
times the combination has been an expedi¬ 
ent to increase capacity or to avoid operat¬ 
ing difficulties; more often it has been to 
use a fuel available in economic but inade¬ 
quate quantities or to avoid a shutdown 
due to temporary shortages of coal. Some 
installations indicate that such combina¬ 
tions are fully practical A furnace 
suited to the use of pulverized coal gen¬ 
erally has ample combustion space for oil 
or gas but it may not be able to operate 
at full capacity with these fuels. Furnaces 
having large areas of radiant heating sur¬ 
faces may be extremely sensitive to radia¬ 
tion characteristics of the different flames. 

Fuels Adapted to Fiking in Suspension 

Any carbonaceous material, capable of 
being reduced to a powder, is a conceivable 
pulverized fuel. The entire range of coal 
and coallike substances from pitch to an¬ 
thracite has been used. Aside from pul¬ 
verization, the main problem, with any 
given fuel, is to obtain stable flames and 
jirevent coke deposits in the burners. 

Anthracite must be fired with minimum 
primary air and maximum fineness. Fine 
pulverization also aids in obtaining com¬ 
plete combustion in furnaces of reasonable 
size. Pulverized pitch can be burned with 
ease, but care must be taken to prevent 
flashbacks and to avoid impingement of 

22 Anon., Power, 85, 664-8 (1941) ; Power 
Plant Eng., 4«, 62-3 (1942). 

2 d Davies, E. B., J. Inst. Fuel, 12, 243-7 
(1939). Clarke, B. W., Trans. Am. Boo. Mech. 
Engrs., Cl, 677-9 (19.39). 

24 Mayer, .1., J. Inst. Fuel, 11. 805-26 (1988). 
Frick, C. H., Trans. Am. Boc. Mech. Engrs., 64, 
257-61 (1942). 
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utiignited particles on hot surfaces. Sur¬ 
faces, such as diffuser vanes, which are ex¬ 
posed to radiation without adequate cool¬ 
ing are likely places for coke formation. 
The use of low-rank coals of high moisture 
content is princi])ally an economy confined 
to those localities where transportation 
costs are heavily in its favor. 

If a given fuel is available in reliable 
quantities at a i)rice such as to make it 
economical to install the necessary equip¬ 
ment, it is generally possible to use that 
fuel. Although a given installation may be 
quite sensitive as to the kind of coal it can 
use and maintain capacity and efficiency, 
it is often possible, at a moderate cost, to 
adapt the equipment to a wide variety of 
fuels. 

The Pulverized-Coal Engine 

It is possible to burn pulverized coal in 
an internal-combustion engine.^® Unlike 
Diesel oil, the coal cannot be injected but 
must be aspirated or blown into the en¬ 
gine. The coal is first introduced, together 
with a limited supply of air, into a pre¬ 
combustion chamber from which it passes 
through an orifice and mixes with the re¬ 
mainder of the combustion air in the cylin¬ 
der. Otherwise the engine is similar to an 
ordinary sfaw-speed Diesel engine. In fact, 
Diesel engines have been converted to 
burning pulverized coal by adding the nec¬ 
essary precombustion chamber and valve 
gear. 

Economic development of the pulverized- 

26 PawlIkowHkl, R., Proc. 2nd Intern. Conf. 
ItituminouH Coni, 1, 768-91 (1928) ; Proc. Srd 
Intern. Con}. liituminouH Coal, 2, 317-48 (1931). 
Schult(‘, F., and Llttersclieidt, W., (Huckauf, 70, 
1189-94, 1222-7 (1934). Dept. Set. Iiid. Ro- 
H(»arch (Brit.), Fuel Reaearch Board, Kept. Year 
Ended tllnt March JO.18, 255 pp , i»p, 220-4, Kept. 
Tear Ended Slst March 1930, 205 pp., pp. 182-3. 
Wahl, IL, W&rme, 05, 159-05 (1942), as re¬ 
ported in Dept, Sci. Ind. Research (Brit.), Fuel 
Research Board, Intelligence Sec., July 18, 1942. 


coal engine would have to overcome several 
major difficulties. Extremely fine pulveri¬ 
zation is necessary to obtain the burning 
speeds required even in slow-speed engines. 
The pulverizetl coal, as well as the ash, has 
an abrasive action on valves, cylinder walls, 
piston rings, etc. These difficulties are 
such that it appears more economical to 
use Diesel oil, even though the oil is ob¬ 
tained by hydrogenation of coal. 

Conditions in Pulverized-Coal 
FURNA t'ES 

Few data are available on conditions 
within pulverized-coal flames. Although 
furnace-wall temperatures have occasion¬ 
ally been stated or could be inferred from 
the nature of the application, data on tem¬ 
peratures within the pulverized-coal flame 
are scarce and often of questionable qual¬ 
ity. Flue-gas comiiositions are often the 
basis of furnace control. Gas compositions 
within the furnace have rarely been re¬ 
ported. The information that is available 
is confined mainly to units in which high 
excess air, low firing rates, or other causes 
tended to reduce the temperature. 

In connection with the 1920 tests at the 
Oneida Street Station, a temperature sur¬ 
vey was made.^O' A maximum, over 

2,700° F, was found just off the ledge at 
the bottom of the furnace. Mixing of sec¬ 
ondary air with the long flames from burn¬ 
ers set in the front arch was probably slow 
until the disturbing effect of the ledge and 
the sharp change in direction of gas flow 
brought about thorough mixing and intense 
combustion. 

The prevalence of slag deposits and re¬ 
fractory erosion by molten slag indicates 
that the burning coal particles must reach 
temperatures above the ash-fusion tem¬ 
perature. In an attempt to explain the 
striking difference in refractory service 
conditions in two similar furnaces both us- 
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inff similar low-ash-fusion coals, a careful 
study was made of the conditions within 
these furnaces at various rates of firing 
A typical set of data is shown in Fig. 16. 
A complete survey was not made. Sam¬ 
pling points were selected along what was 
estimated to be a stream line passing 
through the heart of the flame. The min- 


had some effect on furnace temperatures 
but was probably less important than the 
high excess air. The high oxygen concen¬ 
tration above the front arch may be in¬ 
dicative of leaks in the setting, but it is 
probable that some secondary air pene¬ 
trated between the coal flames. The low 
carbon monoxide concentrations, generally 
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Fkj. Ifi, Guh tomperntiire and composition in furnace burning pulverized Illinois coal.*® 


iiiui in temperature, carbon monoxide, and 
hydrogen indicate that the fourth sam- 
pliiig point was not iirojierly located. The 
rate of combustion was apparently limited 
by the rate of mixing of secondary air. 
From a maximum at IG feet from the 
burners, the carbon monoxide and hydro¬ 
gen were slowly reduced in concentration, 
while the oxygen remained below 1 iiercent. 

The data shown in Fig. 17 are for a fur¬ 
nace similar to that of Fig. 16 except that 
the side, as well as the back, walls were 
water-cooled.-^ The increased cold wall 

20 Sherman, R. A., and Taylor, E., Trans. Am. 

Mech. Engrs., 40-R0. FSP 50-38, 125-40 
(1927-28). 


less than 0.75 iiercent, indicated compara¬ 
tively rajiid mixing of coal and air. 

Figure IS shows the same data for a fur¬ 
nace with almost completely water-cooled 
walls and with all the air needed for com¬ 
bustion admitted through the burners set 
in the front wall. Under these conditions 
combustion was much more intense; the 
concentration of carbon monoxide was even 
further reduced; and it was possible to op¬ 
erate with much less excess air at a small 
gain in thermal efficiency. The distribu¬ 
tion of oxygen concentrations indicates 
either that the mixing of primary and sec- 

27 Teniipy, E. H., Proc. Srd Intern, Conf. Bi¬ 
tuminous Coal, 2, 370-99 (1931). 
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ondary air was not complete or that the 
air currents diverged more rapidly than 
the coal dust. 

The influence of water-cooled walls on 
the combustion process has been the sub¬ 
ject of considerable speculation but very 
little experimentation. The average cool¬ 
ing effect may be compensated by increased 
firing rates ^and by decreased excess air. 
The formation of high-temperature gradi¬ 
ents cannot be avoided. They are a neces¬ 
sary consequence of heat absorption in the 
furnace. Temperature measurements in 
several furnaces at the Sherman Creek Sta¬ 
tion showed that the furnace tempera¬ 
ture was relatively uniform across the fur¬ 
nace except for a sharp drop within about 
6-12 inches from the cold wall. 

One of the most comprehensive studies 
of furnace conditions was that reported by 
Schwiedessen.-” Mea.surements of gas ve¬ 
locities, tem])eratures, gas conqiositions, 
and dust loadings were given. Proximate 
analyses were made on the dust, l)u.st 
samples were sized by elutriation .mikI pho¬ 
tographed. Unfortunately this study was 
confined to a peculiar installation in a 
metallurgical heating furnace and no infor¬ 
mation was given on the influence of differ¬ 
ent fuels and rates of firing. 

Commercial furnaces generally are not 
suited to the insertion of thermocouides 
and sampling probes into the furnace cav¬ 
ity. In the surveys reported by Sher¬ 
man this difficulty was avoided by the 
use of a special testing furnace. Any lack 
of similarity between the test furnace and 
commercial installations was compensated 

as Shorman, R. A., Mech. Eng., 40# 335-8 
(1927). 

29 Scliwlodeasen, II., Arch. Eiaenhiittenw., 5# 
291-8 (1931-2). 

ao Sherman, R. A., Proc. Srd Intern. Conf. Bi¬ 
tuminous Coal, 2, 510-51 (1931) ; Trans. Am. 
8oc. Mech. Engra., 56# 401-9 (1934). 


by the ease with which the individual fac¬ 
tors could be studied. 

The furnace cavity w^as a cylinder 14 
feet long and 8.5 feet in diameter with the 
burner set in the front wall and directed 
along the axis. The burner was formed by 
a venturi throat opening into an annulus 
7 inches in outside and 4 inches in inside 
diameter. Care was taken to make the 
furnace air-tight so that all the air en¬ 
tered through the burner. 

Sherman’s data included gas velocities, 
gas analyses, temperatures, radiation den¬ 
sities, and ])ercenfages of unburned carbon 
as determined from dust samples. The ve¬ 
locity and gas-com])osition data indicated 
that the flame did not fill the cross section 
of the furnace until about 10 feet from the 
burner. An annular eddy filled the space 
between the flame cone and the front wall. 
Thennal ex])ansion of the entering gases 
caused strong accelerations, in one test 
from 40 to 00 feet per second i)er second 
within 1 foot from the burner. There was 
no evidence of turlnilence. The influence 
of the annulus on the velocity distribution 
persisted for about 2 feet. 

Ignition and combustion were ra})id. 
Figure 19 shows the temiierature and un¬ 
burned carl^on jdotted against time, meiis- 
ured from the time of entrance into the 
furnace, for four coals. These coals were 
pulverized to atiproximately the same jier- 
centage on 200-mesh and fired at similar 
rates. The striking differences in the burn¬ 
ing rates were characteristic of the indi¬ 
vidual coals but could not be evaluated in 
terms of coal properties. The lowest-vola¬ 
tile coal showed the lowest burning rate, 
but the remaining coals showed differences 
which could not be exjilained on the basis 
of volatile contents. 

No single criterion for fineness was found 
which would explain the results, except 
that, for a given percentage through 200 
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mesh, the percentage through 100 mesh range of temperatures available was small, 
was markedly significant. The coal was but a significant decrease in the percentage 
j)ulveri2ed in a conical ball mill, and the of carbon at a given point with increasing 
product passed through a special air classi- furnace temperature was found. An in- 
fier. The ability to obtain low unburned crease of burning rate with furnace tem- 



Ttme, Milliseconds 

Fi(}. 19. T(*mporatiiro and unburned carbon for four coals in an experimental furnace.*" 


carbon losses without turbulence and with perature was a possible explanation, but 
such a short flame was probably a result of the results could be equally well explained 
the comparatively low percentage of coarse on the basis of a shift of the flame due to 
coal. earlier ignition in the hotter furnace. 

It was impossible to study the effect of Measurements made by means of a total 
furnace temperature except by taking sam- radiation thermopile showed some depend- 
ples at various times after starting the fur- ence upon the coal. Using a given coal 
nace and before the refractory walls had there was little or no dependence of the 
reached their equilibrium temperature. The emissivity upon rate of firing, excess air. 
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or coal fineness. These factors generally 
affected the temperature in the expected 
manner, but the radiation also changed in 
such a way as to minimize the variation in 
emissivity.' 

The emissivity depended strongly upon 
the position along the flame, ranging from 
about 0.7 to 0.3. As a result of the falling 
emissivity the radiation generally reached 
a maximum before the maximum tempera¬ 
ture was reached. It is probable that the 
emissivity was mainly dependent upon the 
degree of completion of the combustion 
process. The failure to find increasing 
emissivity with increasing fineness may 
have resulted because the comparison was 
made at equal times rather than at equal 
degrees of combustion. 

The gas analyses showed a small concen¬ 
tration of carbon monoxide, generally less 
than 1 i)ercent when burning coal in excess 
air, but none when burning coke. This was 
interpreted as indicating that the large 
concentration.s of carbon monoxide found 
in some installations are due to a deficiency 
of air. The failure to find carbon monox¬ 
ide with coke led to the conclusion that the 
small concentrations found with coal were 
due to the volatile matter. 

Bailey'*^ has reported temperatures in 
furnaces of the slag-tap type. The tem¬ 
peratures were measured on either side of 
slag screens which divided the furnaces into 
two or more cavities. On the as.sumption 
that the theoretical heat was all released in 
the jirimary furnace cavity, these tempera¬ 
tures were used to calculate the rates of 
heat absorption in the various parts of the 
furnaces. The temperatures, applying to 
the primary furnace cavities, are plotted 
against the rate of heat absorption per 
square foot of primary furnace wall in 
Fig. 20. The adiabatic temjierature is that 

81 Bailey, E. Q., ibid., 61. 561->9 (1939). 


which would have been attained had com¬ 
bustion been completed without loss of 
heat. The furnace temperature was meas¬ 
ured at the outlet of the primary furnace 
cavity. This appears to have been the first 
point at which reliable temperature meas¬ 
urements could be made. 

The Stefan-Boltzmann law was used to 
calculate an equivalent heat-receiving sur- 
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face-temperature on the basis of the arbi¬ 
trary assumption that furnace outlet tem¬ 
perature, as the effective radiation tem¬ 
perature,of the heat source, would account 
for the rate of heat absorjitioii by the fur¬ 
nace walls. The receiving temperature was 
found to correspond ap]iroximately to the 
slag fluid temperature. There ajijiears to 
be a systematic deviation as the rate of 
absorption increases, but the check is re¬ 
markably good in view of the assumptions. 

Temperature and gas composition data 
must be carefully interpreted. Tliermo- 
couples are more or less slow to react to 
changes in temperature. Since the time of 
passage of coal particles through the fur¬ 
nace is generally of the order of a few sec¬ 
onds or less, the indicated temperature 
must be a time average over a period dur- 
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ing which many particles pass near the 
couple, and in some cases over changes of 
a larger scale due to fluctuations of the 
flame. 

Similar considerations apply to samples 
for gas analysis. A definite composition 
will exist in a sufficiently small volume, 
but, as the size of sample is decreased, dif¬ 
ficulties will arise both in the technique of 
sampling and analysis and in the determi¬ 
nation of the environment from which the 
samj^le was taken. This places serious limi¬ 
tations on the usefulness of gas-analysis 
(lata for a study of the mechanism of 
combustion. The absence of appreciable 
amounts of carbon monoxide does not pre¬ 
clude the ])resence of considerable concen¬ 
trations near the surface of burning parti¬ 
cles. Conversely, the presence of oxygen 
need not indicate the i)resence of api)recia- 
ble concentrations near the surface of a 
burning particle. 

T(JNIT10N 

'Jlie phenomenon of ignition is so com- 
inon and yet has so many variable aspects 
that the subject must be given careful con¬ 
sideration. Ignition may occur in any exo¬ 
thermic reaction system having a ])ositive 
temperature coefficient. If any variable is 
changed so that the reaction rate slowly 
rises, the temperature tends to rise above 
the surroundings. As soon as the tempera- 
tun^ rise necessary to dissipate the heat has 
an ajijireciable effect on the reaction rate, 
the variable being subjected to slow change 
may lose control. This loss of control is 
the common feature of all ignition-point 
determinations. Differences arise in the 
conditions under which the loss of control 
occurs and in the criteria for its determi¬ 
nation. 

Using selected samples of 60- to 90-mesh 
vitrain, clarain, and durain, Newall and 


Sinnatt determined the number of parti¬ 
cles that ignited when dropped through a 
heated tube. They found that tempera¬ 
tures of the order of 700* C (1,292® F) 
were necessary to ignite a major fraction 
of the coal particles, although some parti¬ 
cles ignited as low as 600* C (1,112* F). 
In a more recent investigation,*® using 
low-density fractions of certain bituminous 
coals, it was found that temperatures in 
excess of 800° C (1,472* F) were necessary 
to obtain uniform ignition of 60- to 80- 
mesh iiarticlos. 

These furnace temperatures, needed to 
bring about ignition of individual falling 
particles, should not be compared with ig¬ 
nition temi)eratures as determined in beds 
of broken coal. Owing either to the ease 
of elimination of the heat of combustion, 
to the short time of heating, or to changes 
in the particle, ignition may fail at tem- 
l)eratures far above those required for ig¬ 
nition in the bed. 

Up to a certain point in the temperature 
history of a particle, the temperature of 
the surroundings could be reduced and the 
])article tcmi)erat'ire would promptly fol¬ 
low. Beyond this jioint, the particle tem¬ 
perature would continue to rise but its sub¬ 
sequent history might depend upon the 
rate of heating and the temperature at the 
time of removal of the external heat source. 
Photographic records of burning coal par¬ 
ticles have shown brilliant initial traces at¬ 
tributed to the combustion of volatile mat- 
ter.^3,34 These traces generally occurred 
at furnace temjieratures above 900* C 
(1,652* F). Otherwise they were fre¬ 
quently absent even though the remaining 

82 Newall, H. E., and Sinnatt, F. S., Fuel, 5, 
335 9 (1926). 

33 Orning, A. A., Trans. Am. Soc. Mech. Bngrs., 
«4. 407-506 (1042). 

84 Griffin, H. E., Adams, J. R., and Smith, 
D. F., Ind. Eng. Chem., 22, 808-16 (1929). 
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trace, attributed to the burning coke resi¬ 
due, was present. 

The problem is further complicated by 
the unknown sequence of the effects of 
heat on the coal particle. Whether oxida¬ 
tion begins to contribute to the tempera¬ 
ture rise before or after the loss of volatile 
matter is not known. It is possible for ig¬ 
nition to occur either in the gas phase or 
on the solid surface. With occasional par¬ 
ticles igniting at low furnace temperatures, 
it probably occurs at the surface. At 
higher temperatures, ignition may still oc¬ 
cur at the surface followed by flame propa¬ 
gation into escaping volatile matter, but 
direct ignition of the volatile matter cannot 
be excluded. 

Assuming that the particle on entering 
the furnace receives energy by radiation 
and loses energy by conduction to sur¬ 
rounding gfises, Nusselt has calculated ig¬ 
nition times.'’*'' An assumption of infinite 
excess air led to the anomalous result 
that ignition might fail owing to a dei)cnd- 
ence of the maximum temperature upon 
the particle diameter. The following for¬ 
mulas are derived from Traustel’s exten¬ 
sion to finite excess air sui)ply: 


D 




D = (tIV 


kT 


( 1 ) 

( 2 ) 



The dimensionless quantity N is the ratio 
of the heat capacities of the associated 
quantities of air and coal and hence is a 
measure of the excess air. The remain¬ 
ing notation, except for the dimensionless 
quantities, D, Z, and n, are: t = time; 
d = particle diameter; T = particle tem¬ 
perature; Tr - effective radiation tem¬ 
perature; o - Stefan-Boltzmann constant; 
k - thermal conductivity of air; and c = 
heat ca])acity per degree per unit volume 
of particle. Both the particle and the air 
are assumed to be at zero temperature at 
zero time. Heat loss by radiation from the 
particle is neglected. 

For small values of n the exponential 
may be replaced by the first two terms of 
its expansion and: 



For large values of n the exponential may 
be neglected (95 percent accuracy or bettor 
for ft greater than 3). 
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36 Nusselt, W., Z. Ver. dcut. Ing., 08, 124-8 
(1924). 

86 Mayers, M. A., Trans. Am. Inst. Mining 
Met. Kngrs., 110, 304-20 (1930). 

sr Traustel, S., Feuerungstcch., 29, 1-0, 25-31, 
49-00 (1941). 


The jjarticlo temperature is directly pro¬ 
portional to the intensity of radiation. The 
rate of rise of temperature is inversely pio- 
portional to the diameter and is initially 
rapid and independent of excess air. The 
period of rapid rise ends (n becomes larger 
than some arbitrary value) at a time pro¬ 
portional to the square of the diameter and 
at a temperature which is proportional to 
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the diameter and which is also insensitive 
to high excess air. The final constant rate 
of rise is less than the initial in proportion 
to the ratio of the heat capacity of the coal 
to the heat capacity of the coal plus the 
air in which it is suspended. 

Although unknown ignition temperatures 
and heating due to slow oxidation make 
calculated ignition times highly uncertain, 
it is possible to estimate the influence of 
various factors. With highly reactive coals, 
the ignition temperature may fall within 
the region of rapidly rising temperature. 
With such coals there is no necessity for 
limiting the amount of primary air. The 
finest particles will generally be the first 
to ignite. It can be shown that, with N 
greater than 4.58, there is an intermediate 
size range within which the time required 
to reach a given temperature decreases 
with increasing particle size. With highly 
reactive coals and unlimited primary air, 
the early ignition of intermediate-sized par¬ 
ticles may aid flame stability. Less reac¬ 
tive coals require finer pulverization and 
limited primary air. Since the factor 
A 4- 1 cannot approach zero, the effect of 
reducing primary air is limited. The finest 
liarticles will always be the fir.«;t to ignite. 

Flame Propaoation 

Almost any combustible dust, when sus¬ 
pended m the proper projiortion of air, is 
more or less explosive. Various govern¬ 
ment agencies, with special regard to in¬ 
dustrial hazards and safety in mines, have 
made extensive investigations of the con¬ 
ditions under which such explosions can oc¬ 
cur. Several publications of the U. S. Bu¬ 
reau of Mines rewiew this work and include 
extensive bibliographies.*'^® The important 

SHRice, G. S., V. 8. Bur. Mine», Bull. 20 
(1911), 204 i»ii. Rice, G. S., Jonen, L. M., Egg, 
W. L., and Greenwald, H. P., ibid., 107 (1922), 
639 pp. Greeuwald, H. P., U. 8. Bur. Mines, 


conclusion has been that such explosions 
can be prevented by the addition of inert 
rock dust. The amount of inert matter re¬ 
quired increases regularly with the ratio of 
volatile to total combustible matter. There 
appears to be some correlation between this 
result and the ease of igniting and burning 
various coals in the pulverized-coal furnace. 

The measurements of flame velocities are 
not apjilicable to furnace conditions. Such 
explosions involve a flame front moving into 
surroundings at low temperatures and oc¬ 
cur in air which, after the start of the ex¬ 
plosion, is at pressures considerably above 
1 atmosjihere. They also undergo accel¬ 
eration, further complicating any applica¬ 
tion to stationary flames. 

In connection with the French work on 
safety in mines, a series of experiments was 
carried out in which coal-dust flames were 
produced in a conical tube. These experi¬ 
ments were made to determine the rate of 
flame propagation as a function of the coal 
composition and the amount of excess air. 
Supposedly on the basis of this work, De- 
Grey*’'^ prepared a set of curves showing 
the flame velocity as a function of the coal- 
to-air ratio find the proxipiate analysis of 
the coal. These curves have been repro¬ 
duced, at times with transformed coordi¬ 
nates, at a number of places in the litera¬ 
ture. There is no reason to believe that 
they are not qualitatively correct. On the 
other hand, the published reports of the 
original experimental work do not alone 
justify the quantitative values implied by 

Tech. Paper 4«4 (1929), 45 pp. Hartmann, I., 
Howurtli, II. C\, und Greeuwald, II. P., ibid., 
«17 (3940), 45 pp. 

39DeGrey, A., Hev. mH., 19, 645-55 (1922). 

40 Tnffanel, J., and Durr, A., Cinquidme s(rie 
d'essais sur les inflammations de poussi^res, es- 
sais d^inflammability. Comity central des houil- 
li^rcK de France, Paris, 1911, 70 pp. Taffanel, 
J., Ann. mines, (11), 2. 167-205 (1912). Taf- 
funel. J., and Durr, A., Colliery Guardian, 103, 
227-8 (1912). 
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the family of curves. Only one coal was 
cited, and considerable doubt was expressed 
as to the accuracy of the results. The 
values given for the different coals seem to 
be qualitatively based on the ease of pre¬ 
venting dust explosions with rock dust. No 
other justification has been found except 
possibly the measured rates of propagation 
of explosion waves. However, these waves 
showed continual acceleration and can only 
imply relative differences in stationary 
flames. 

In a given installation it will generally 
be found that, at some velocity of coal and 
air flow, the flame tends to blow away from 
the burner mouth. The files of operating 
companies and equipment manufacturers 
probably contain considerable information 
on such blow-off velocities. No survey or 
correlation of such data has been found. 

Even though adequate information on 
flame velocities were available, it might 
prove difficult to interpret blow-off veloci¬ 
ties. The gas velocity and cloud density at 
the burner mouth are rarely, if ever, uni¬ 
form. This nonuniformity may actually be 
necessary to flame atlachment. Where the 
stream of primary air and coal is given a 
whirling motion in the burner tube, cen¬ 
trifugal action concentrales the coal in the 
lierijihery of the stream where drag on the 
tube wall jiroduces a minimum gas veloc¬ 
ity. Such a region would appear to be a 
likely place for attachment of the edge of 
the flame front. Once attachment is ob¬ 
tained the proximity of burning particles 
and the possibility of a continuous gas- 
phase flame front in escaping volatile mat- 
ter favor the propagation of the flame 
front into regions of high velocity and low 
cloud density. 

Flame attachment and propagation de¬ 
pend upon the jirimary ignition of a few 
particles. It might be supposed that they 
would be the finest particles in the cloud, 


but no direct experimental evidence is 
available for their identification. Increas¬ 
ing fineness of pulverization increases the 
heat release in the neighborhood of the 
flame front, thus favoring rapid ignition 
without necessarily inferring easier ignition 
of the fine particles. 

The Burning Particle 

In order to calculate burning times, it has 
generally been assumed that the burning 
particle was a homogeneous solid. Pores 
and ash inclusions were admitted, but the 
dimensions of such irregularities were as¬ 
sumed small as compared to the particle 
size. If not specifically stated, this was a 
necessary consequence of the assumption 
that the rate of change of diameter was a 
measure of the rate of burning and that 
zero diameter determined the end of the 
combustion period. 

This assumption was probably correct 
for particles like anthracite or fusain. For 
particles of caking coals it is subject to 
considerable doubt. When such particles 
are dropped through an inert atmosphere 
in a heated tube, they form hollow shells 
or cenospheres.^-' Since the presence of 
cenosphcres in flue dust is indicative of in¬ 
complete combustion, it is natural to sup¬ 
pose that they are jiroduced only when 
conditions are unfavorable. However, in¬ 
complete combustion is essential to the 
available evidence on the configuration of 
the burning jiarticle. With flame temjiera- 
tures above the ash-fusion temperature, an 
ash residue could not be expected to retain 
the configuration of the particle from 
which it came. 

When individual particles of caking coals 

41 Slnnatt, F. S., and Slater, L., Fuel, 1, 2-3 
(15)22). Newull, H E., fend Sinnatt, F. S., ibid, 
3, 424-34 (1924). Sinnatt, F. S., Proc. 2nd 
Intern. Conf. Bituminous Goal, 1» 560-85 (1928) ; 
J. 8oc. Chem. Ind., 47, 151-5T (1928) ; Fuel, 8, 
362-70 (1929). 
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are dropped through a furnace in an oxi¬ 
dizing atmosphere,the residues either 
are cenospheres or, with the finer sizes, es¬ 
cape collection in the equipment. The 
form of the residues depends upon the fur¬ 
nace temperature,varying from slightly 
rounded edges to well-formed cenospheres. 
These cenospheres are more irregular than 
those obtained in an inert atmosphere. 
Some have hollow nodules apparently 
formed by the escape of plastic maf/erial 
through a weak spot in an initial surface. 

The cenosphere size first increases and 
then passes through a maximum at about 
the temperature required to cause uniform 
ignition. Above the igniting temj)erature 
up to the highest furnace temperature, 
950° C (1,742° F), the size decreases. This 
indicates that the initial size of the burn¬ 
ing cenosphere is less than those obtained 
at lower temperatures. The residues, al¬ 
though highly etched and pitted by com¬ 
bustion, are still cenospheres with no evi¬ 
dence that they have been formed, by re¬ 
duction in diameter, from a larger coke 
structure. 

The mechanism of formation of ceno¬ 
spheres is not well understood. With those 
])nrticles that melt on rapid heating, the 
sinuiltaneous evolution of volatile matter 
tendfs to blow them into a froth. It ap- 
IH'Mis that distillation and oxidation in¬ 
crease the viscosity of the surface while 
the interior is still highly plastic. Under 
these conditions the bubbles coalesce, form¬ 
ing one big bubble or cenos])here. The rate 
of gas evolution and the rate of hardening 
govern the size. These factors are influ¬ 
enced both by the characteristics of the 
coal and by the temperature of the fur¬ 
nace, which in turn may depend upon the 
geometry of the furnace. The controlling 
factor is probably the rate of rise of sur¬ 
face temperature, but this rate is not read¬ 
ily determined. 


The formation of cenospheres depends 
upon simultaneous softening and evolution 
of volatile matter. Anthracites do not 
soften. Some coals conceivably might not 
soften enough to destroy a cokelike bubble 
structure. No evidence for such structures 
has been found. Others might lose volatile 
without softening, leaving a char that has 
the configuration of the original particle. 

Mechanism of Combustion 

The combustion of coal defies anything 
more than a superficial description. It 
may be divided roughly into gasification 
of the solid and burning of any combusti¬ 
ble gases. The exact nature of the reac¬ 
tions is of immediate importance only with 
regard to rates of burning. 

The standard ])rocedure of proximate 
analysis specifies the samj)le, the crucible, 
and furnace (‘onditions. There is no as¬ 
surance that the amount of volatile matter 
determined under these conditions corre¬ 
sponds to that burning as a gas in the pul- 
verized-coal flame. Aside from differences 
in jiyrolysis, gasification of the solid resi¬ 
due probably produces carbon monoxide. 

Ifliotographic studies have indicated the 
presence of a luminous gas flame under ce»- 
tain conditions.*^*'’ *'* Further amounts may 
have burned in a nonluminous flame. Vol¬ 
atile matter that is forcibly ejected will 
burn ra])idly in the surrounding air. If it 
is evohed slowly it may burn so close to 
the surface as to be indistinguishable from 
combustion of the solid residue. 

The chemical character of the residue is 
unknown. Partial combustion transforms 
the appearance of cenosiiheres from that of 
hard pitch to graphite.*’*^ Chemical prop¬ 
erties probably undergo just as great a 
change. Lack of data on the combustion 
of carbonaceous solids makes it necessary 
to rely on the information available for 
carbon. 



1552 


THE COMBUSTION OF PULVERIZED COAL 


Experimental work on the chemistry of 
the combustion of carbon has been ade¬ 
quately reviewed.^- Apparent contradic¬ 
tions between the results of different ex- 
I)erimental techniques are indicative of a 
failure to consider all the variables. When 
it was found necessary to provide a uni¬ 
form coat of oriented graphite crystals be¬ 
fore reproducible results could be obtained 
with a filament in oxygen at low pressure,^^ 
it could hardly be expected that the results 
would correlate with all the various forms 
and states of aggregation of carbon. Oxy¬ 
gen that cannot be removed from carbon 
by evacuation as such can be removed by 
evacuation and heating as mixed oxides. 
Such oxygen is probably held by primary 
valence forces. Although there are com¬ 
paratively few ways that oxygen can bond 
with carbon, there is an infinite variety of 
locations with respect to the gross crystal. 
The different reaction rates, temperature 
coefficients, and dependences on gas pres¬ 
sure that are found in different tempera¬ 
ture regions and at atmospheric and low 
pressures probably result from the differ¬ 
ent molecular types that are stable or that 
can contribute to the reaction mechanism 
at the different temperatures and j)ressures. 

Applying the information on carbon to 
the burning solid residue, oxygen, carbon 
dioxide, and water must be considered as 
oxidants. These gases are adsorbed on the 
surface, a rearrangement of bonds occurs, 
and combustion products are eliminated. 
Reaction with oxygen produces a mixture 
of carbon monoxide and dioxide. A sec¬ 
ondary reaction with carbon dioxide jiro- 
duces additional monoxide. Reaction with 
water produces carbon monoxide, hydro- 

42 Mayers, M. A., Chem. Revs., 14, 31-58 
(1934). Strlcklancl-Constable, 11. F.. Fuel, 19. 
89-93 (1940). Bangham, D. H., and Bennett, 
J. G., ibid., 10. 95-101 (1940), 

43 Meyer, L., Z. phyaik. Vhem., BIT, 385-404 
(1982). 


gen, and possibly methane. Evidence for 
the direct formation of carbon dioxide is 
obscured by the water-gas reaction. The 
rates of the various reactions dejiend upon 
the temjieratuie and partial pressures at 
the solid surface. Although zero-order re¬ 
action rates have been found at low pres¬ 
sures, the rates are much higher at atmos- 
])heric jiressures and, for electrode carbon 
burning in an air stream, a first-order de- 
jiendence upon the jiartial pressure of oxy¬ 
gen has been found. 

Assuming that carbon dioxide was the 
only oxidant, oxygen being consunieil by the 
resulting carbon monoxide before reaching 
the surface, the rale of burning of small 
carbon sjiheres has been calculated.^*^ The 
analysis was reasonably sound except for 
the failure to locate the boundary between 
the carbon monoxide and oxygen layers. 
Actually there must have been a region in 
which both gases were present. If this re¬ 
gion extended to the carbon surface, the 
basic assumption was not tenable. 

Using a microsampling technique, Par¬ 
ker and Hottel determined the gas compo¬ 
sition at a carbon surface burning in an air 
stream.*^ Above about 700“ C (1,292“ F) 
surface temperature, the oxygen concentra¬ 
tion decreased rapidly, and above 1,200° (' 
(2,192° F) asymptotically approached zero. 
Small concentrations of carbon monoxide 
were found. An assumjition that a])precia- 
ble amounts were luesent but had burned 
to carbon dioxide in the samiiling tube 
would have indicated even higher oxygen 
concentrations. The results might have 
been different had the ajiiiroaching gas 
stream contained high carbon dioxide and 
depleted oxygen concentrations. 

44 rarkor, A. S., and Ilottel, II. C., Ind. Eng. 
Chnn., 28. 1334-41 (1936). 

45 Burke, S. P., and Schumann, T. B. W., 
Proc. Srd Intern. ConJ. Bituminoue Coal, 2. 
485-609 (1931). 
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Tu, Davis, and Hottel^® measured the 
rate of loss of weight of 1-inch spheres of 
electrode carbon burning in an air stream 
within an electric furnace. The rate was 
proportional to the partial pressure of oxy¬ 
gen in the approaching gas stream. Up to 
about 800° C (1,472° F) it was independ¬ 
ent of air velocity and increased rapidly 
with increasing temperature. At higher 
temperatures the rate increased with about 
the 0.4 power of the air velocity and with 
the 0.6 to the 1.1 power of the absolute 
temperature. Similar measurements were 
made by Smith and Giidmiindsen except 
that 5-millimeter spheres were allowed to 
burn to 1 millimeter. Mayers’ analysis of 
their results showed the rate to be pro¬ 
portional to the diameter and to the 0.4 
])ower of the air velocity, but no consistent 
relation was found between the rate and 
furnaoe temiierature. 

These results clearly indicated that the 
rate of transjiort of oxidant to the surface, 
rather than the surface reaction, became 
the controlling factor at high temperatures. 
Davis and Hot tel attempted to isolate 
the transport factor by measuring the rate 
of burning of carbon disks set in the bot¬ 
tom of cups of different depths. Their re¬ 
sults were not conclusive. Samples of 
wood charcoal and of brush carbon gave 
different results. A dependence of the 
proportion of carbon monoxide, produced 
in the primary reaction, upon the nature 
of the carbonaceous material was proposed 
as a possible explanation. 

A microsampling technique has been used 
to determine gas compositions within the 
diffusion film near a burning carbon sur- 

40 Tu, C. M., Davis, II., and Hottel, H. C., 
Ind. Eng. Chem., 2«, 749-57 (1934). 

47 Smith, D. F., and Gudmundsen, A., ibid., 
aa, 277-85 (1931). 

4 M Majers, M. A., ref. 42. 

40 Davis, H,, and Hottel, H. C., Ind. Eng. 
Chem., 20, 889-92 (1934). 


face.^^ The concentration gradients were 
not determined close enough to the surface 
to eliminate the effect of carbon dioxide 
originating at considerable distances from 
the plane of sampling. The application to 
the determination of diffusion coefficients 
must be judged accordingly. The results 
were indicative of the structure of convec¬ 
tion-diffusion systems but were not exten¬ 
sive enough for complete analysis. 

The rate of flow of oxygen in a convec¬ 
tion-diffusion system is proportional to the 
product of the partial pressure by the ve¬ 
locity, minus the diffusion constant times 
the gradient of the partial pressure. May¬ 
ers^® has imposed the condition that the 
divergence of the flow must be zero except 
at a source or sink of oxygen but was un¬ 
able to solve the resulting differential equa¬ 
tion. No solutions have been found for 
any of the cases of interest in which the 
gas velocity becomes zero at a bounding 
surface. All theoretical calculations of 
burning rates have involved simplifying 
assumptions to avoid solution of this gen¬ 
eral problem. 

Nusselt neglected the gas velocity and 
assumed that the burning coal particle was 
a sphere burning at such a high rate that 
the partial pressure of oxygen was reduced 
to zero at the surface. For infinite excess 
air supply the rate of burning was found to 
be proportional to the radius and to the 
partial pressure of oxygen at infinity. The 
condition of infinite excess air W'as removed 
by assuming that the pressure at infinity 
could be replaced by the mean gas pres¬ 
sure. Considering that the total volume 
was large, compared to that of the particle 
plus the surrounding region of appreciably 
reduced pressure, this was a reasonable as¬ 
sumption. 

Various investigators '‘o have in- 

50 Burke, S. P., and Schumann, T. B. W., ibid., 
23. 400-13 (1931), 24. 451-3 (1932). 
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troduced the influence of relative velocity 
between the gas and the particle by mak¬ 
ing the assumption, similar to that made 
in the study of heat transfer, that turbu¬ 
lent flow wiped out all concentration gra¬ 
dients except for a stagnant diffusion layer 
adjacent to the surface. This device has 
permitted empirical correlations of the 
data on rates of burning of large spheres 
but contributes a negligible factor for the 
low relative velocities that probably exist 
in the pulverized-coal furnace.'*^ 

The dependence of diffusion constants 
upon temperature inseparably connects the 
calculation of burning rates with the esti¬ 
mation of particle temperature. The heat 
and mass flow equations may be written in 
the form; 

H= -k graxl T (10) 

and 

M=-D (RT)-' grad p (11) 

The difference of 1 power in the tomjxjrature 
coefficients, although approximately correct, 
is arbitrarily chosen to permit easy integra¬ 
tion in any region where the gradient vectors 
are parallel. 


Ta- Ti ^ H D __1 _ 
P2 — Pi M k 273R 


( 12 ) 


Using the approximate values, 


and 


D == 0.178 cmVsec 
k = 5.33 X cal/cm/sec/®C 


(13) 

(14) 


T2-T1 

Vi - Pi 


(15) 


Assuming no loss by radiation and a par¬ 
tial-pressure drop from that of oxygen in 
air to zero, the temperature rise would be 
of the order of 3,000“ C (5,432“ F). Such 
enormous temperature differences do not 
occur. The temperature of a burning par¬ 
ticle will rise sufficiently above the effective 


radiation temperature of its surroundings 
to lose part of the heat by radiation. 

The temperature history of a typical 
particle of 60- to 80-mesh Pittsburgh Seam 
coal burning in a furnace at 950“ C has 
been estimated,®^ Fig. 21. There was con¬ 
siderable uncertainty in the temperatures, 
but the general features of the curve were 



Time, Seconds 


Fig. 21. Tpinporature history of ii burninj; 
particle “* (PittHburj?li Senni coal, (iO to 80 
nicHh, 1.29 float. Temperature in arbitrary units 
estimaled from relative lens aperture /, anti e\- 
pogiire time in seconds t, just rcMpiired to make 
an linpressioit on the tilrn ) 

undoubledly correct. The first mtiximum, 
about 1,S00“ C (3,272“ F), was attributed 
to the combustion of volatile matter. The 
minimum, about 1,500“ C (2,732“ F), re¬ 
sulted from local depletion of oxygen tlue 
to the gas-phase combustion. Diffusion of 
oxygen to the surface brought about the 
second mtiximum. The period of slowly 
falling temperature corresponded to com¬ 
bustion limited only by the rate of diffu¬ 
sion. The final rapid fall indicated quench¬ 
ing action due to the high temperature co¬ 
efficient of the surface reaction beginning to 
limit the rate at about 1,400“ C (2,552“ F). 
Although the residues still contained about 
70 percent combustible, rapid combustion 
ceased at temperatures considerably above 
those found for electrode carbon.'*'*-High 
temperatures and ash accumulations must 
have reduced the reactivity. 
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At high temperatures it appears certain 
that the rate of burning will depend only 
upon the rate of transport of oxidant to 
the surface. Any gasification by carbon 
dioxide or water will probably increase 
the rate.‘^^ These reactions appear to be 
too slow to ac(;ount for the measured 
burning rates. However, it is possible that 
they may be more rapid in the presence of 
a simultaneous reaction with oxygen. 

At lower temperatures, the rate of the 
surface reaction begins to control. This 
generally ha])pens somewhere between 1,400 
and 1,000° C (2,552 and 1,832° F), depend¬ 
ing upon the reactivity of the burning par¬ 
ticle. Tt has been assumed that the “chem¬ 
ical resistance” of burning coal particles 
would bo less than that of electrode car¬ 
bon."’- This may be tiue for the original 
coal, but the high temperatures in the early 
jiart of the burning process probably re¬ 
duce the reactivity to a value more nearly 
comiiarablc to that of grajihite. 

Theoretical Burning Times 

Various investigators 
have used the available information on 
diffusion constants and the mechanism and 
rate of combustion of carbon spheres to 
calculate burning times. Assuming a sphere 
burning m an infinite amount of stagnant 
air, the partial pressure of oxygen is given 
by: 



Avoiding obvious difficulties by assuming 
isothermal conditions: 

P = P. + (?>« - P.) (17) 

The number of moles of oxygen reaching the 
sphere in unit time is 

51 Mayers, M. A., J. Am. Chem. 8oc., 56i 70-6, 
1870-81 (1934), 61, 2053-8 (1939). 

62 Hottel, H. C., and Stewart, I. McC., Jnd. 
Eng. Chem., 32, 719-30 (1040). 




4irD, . 


(13) 

(19) 


In order to avoid the assumption of 
isothermal conditions, equation 16 should 
have been solved simultaneously with a 
similar equation governing the flow of 
heat. However, the solution appears to be 
rather insensitive to the temperature cor¬ 
rections.®®* In view of the uncer¬ 

tainty in the dependence of diffusion con¬ 
stants upon temperature it appears better 
to take the isothermal solution and to in¬ 
dicate that the result should be approxi¬ 
mately correct provided that some sort of 
a mean gas temperature is used. 

Assuming the burning sphere to be a 
homogeneous solid: 


-47raV^ = A:L (20) 

01 


where p is the fraction of the initial radius a, 
and L is the volume of solid equivalent to one 
mole of oxygen. Introducing equation 19, 
the time required to burn to the fractional 
radius pi is 



The condition of infinite excess air may be 
removed by replacing the pressure at infinity 
with the mean partial pressure of oxygen. 
Assuming an amount of excess air c, when 


p equals pi. 


0.21 / . p» - pA 

= r+iV+T^j 


This correction is too severe. It places the 
mean partial pressure at infinity, whereas 
in a uniform suspension it would be closer 
to the particle than half the distance to its 
nearest neighbor. A better approximation 
would be obtained by solving the time-de- 
pendent diffusion equation in a region con¬ 
fined by a concentric sphere just large 
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enough to contain the given amount of ex¬ 
cess air. However, this equation appar¬ 
ently does not lead to a closed solution. 

Replacing the pressure at infinity in 
equation 21 by the mean pressure from 
equation 22, 


e = (1 + e)(l - Pi») 


0.21DL 

pdp 

ki^ 4- p* 

ki^ = (1 - pi^)e - pi^ - 


*/pi 


(23) 

(24) 


Equation 23 contains the partial pressure 
of oxygen at the burning surface. Assum¬ 
ing it to be zero gives the minimum burning 
time but, for high furnace temperatures, 
probably does not introduce a serious error. 


e = 


a^RT 

0.21DL 


f(e, Pi) 


(25) 


Since equations 27 and 29 may be used 
to eliminate and k, equation 28 indi¬ 
cates that the burning time of a cenosphere 
is proportional to the square of the radius 
of an equivalent solid sphere and to a func¬ 
tion depending only upon the excess air 
and the expansion ratio, which is the ratio 
of the diameter of the cenosphere to that 
of the equivalent solid si)here. The last 
function is plotted against the inverse ratio 
for various excess-air values in Fig. 22. 
For high expansions the curves are nearly 
linear. The dotted lines are given by 


"l/ U, - ) = — -log- (30) 

flo^ \ a/ 3 a e 

For small expansions the curves rise above 

the straight lines and approach infinite 

slope as the ratio approaches 1. 

Anthracites are generally more difficult 

to burn than bituminous coals There 

is probably some difference in reactivity. 


/(e, Pi) = 


(1 + e)(l - pi^) 13 k'^-k +I 

3A; 12 - ifcpiH- pi2 


-log+ vTl tan- tan- | (2«) 


where k^ — (1 ~ pi^)c — pi® (27) 
If pi had been set equal to zero, equation 
20 would have been identical with the de¬ 
pendence of burning time upon excess ai^ 
as given by Parker and llottel.'*'* How¬ 
ever, for coals that form cenospheres, with 
their mass assumed to be concentrated be¬ 
tween two concentric spheres, the particle 
cannot burn to zero radius. Letting 
be the radius of a solid sphere equivalent 
to a cenosphere of radius a and fractional 
radius to the inner surface pj, equation 20 
becomes 


However, the reactivity of the original coal 
is no indication of the reactivity of the 
burning residue, and, except in ignition and 
the comjilction of burning, reactivity jirob- 
ably is not a controlling factor. The in¬ 
creasing portion of the mass that must 
burn in a heterogeneous surface reaction 
might indicate a continuous increase in 
burning time with decreasing volatile con¬ 
tent. Such a variation probably exists but 
does not ajipear to be enough to explain 
the difference between anthracite and low- 
volatile bituminous coals. The sharp droj) 


/ 



1 +e /ao Y 13 k^-k+l 

'6k \a ) 12 — kpi + pi^ 


since 

ao^ = a3(l - pi3) (29) 


“ log 


1 + e 
e 




in calculated times for cenospheres as com¬ 
pared to the equivalent solid spheres sug- 
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gesis that the bituminous coals generally 
form cenospheres while the anthracites 
must be considered homogeneous solids. 

Considerable care must be taken in any 
attempt to correlate the calculated burning 
times with actual furnace conditions. No 


neglect this time. The error is compen¬ 
sated by an excessive correction for finite 
air supply. 

The calculated burning times have been 
based on diffusion as the controlling factor. 
In cold furnaces there may be a residue 



Fig. 22. Dependence of burning time upon cenosphere expannion and excess air. (c = excess air, 
a = radius of eenospherc, =>- radius of a solid sphere of equal weight.) 


allowance has been made for the combus¬ 
tion of volatile matter. In the absence of 
any basis for calculation it has usually been 
assumed either that the volatile matter 
burns simultaneously with the fixed carbon 
or that its burning time is negligible. Since 
the photographic studies have indicated a 
short brilliant flame attributed to combus¬ 
tion of volatile matter,®** it is best to 


subject to continued combustion at a slower 
rate because of the high temperature co¬ 
efficient of the surface reaction. This cor¬ 
responds to a finite partial pressure of oxy¬ 
gen at the burning surface. If this pres¬ 
sure is nearly equal to the mean partial 
pressure of oxygen in the surroundings, the 
rate of burning will be so low that the 
added combustion will be negligible. In 
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the intermediate range the partial pressure 
must be such that the amount of oxygen 
reaching the surface, equation 19, is just 
equal to its rate of consumption, that is, 

(31) 

4irr.» Vr. 

Using appropriate values for the con¬ 
stants,equation 31 may be solved with 
equation 19 and the resulting values for 
p, used in the graphical integration of 
equation 23. This procedure requires accu¬ 
rate information on particle temperatures 
not at present available. 

Experimental Burning Times 

The only available data comparable to 
actual furnace conditions on burning times 
of sized coal are those given by Audibert.®® 
Two closely sized samples of various coals 
were burnt with different amounts of ex¬ 
cess air in a vertical refractory tube. The 
point of complete burning was determined 
from gas analyses. The burning time was 
determined from the rate of air flow, al¬ 
lowance being made for thermal expansion 
and an estimated relative velocity between 
particles and gas. Except for a lignite and 
the coarser size of one high-volatile coal, 
the burning time was found to increase 
with increasing volatile content, a result 
directly opposed to the observation of 
American coals in industrial furnaces.®® 

Audibert^s data cannot be readily inter¬ 
preted. A typical set of data, presented 
as smooth curves without experimental 
points, indicated that the end point could 
be determined with reasonable accuracy, 
although continued slow combustion could 
not be detected. The tube was preheated 
by burning charcoal in the bottom. Other¬ 
wise it was heated only by the pulverized- 

68 Audibert, B., Rev. ind. minirale, 4, 1-32 
(1924). 


coal flame. The wall temperature, re¬ 
ported for only one experiment, fell below 
1,4(X)® C (2,552® F) within the combustion 
zone. Under such conditions the rate of 
the surface reaction was probably the con¬ 
trolling factor at the end of the combus¬ 
tion period. It is possible that incomplete 
combustion may have been responsible for 
the peculiar variation of burning time with 
volatile content. Lack of data on the com¬ 
bustible contents of the ash residues makes 
it impossible to test this hypothesis. 

Rosin has given the formula 

_ 1.000 , 32 ^ 

^ (F/f-y * 

for the burning time in seconds as a func¬ 
tion of the particle surface in square milli¬ 
meters F, and the weight in milligrams G. 
This formula was applied to a German 
brown coal in a furnace at 1,3(X)® C 
(2,372® F). It appears to have been based 
on industrial experience, but no original 
data have been located. It gives burning 
times that are somewhat larger and in¬ 
crease more rapidly with particle size than 
Audibert's findings indicated. 

The environment of an individual ])ar- 
ticle in a flame is neither constant nor 
readily determined. Although photograjihic 
investigations have failed to simulate ac¬ 
tual flame conditions, they have made it 
possible to isolate the effect of a known 
environment on the combustion of a single 
particle. The method involves ])hoti)- 
graphs, taken on a moving film, of par¬ 
ticles fed at a slow rate into an electric 
furnace. With particle and film motions at 
right angles to each other, the component, 
along the direction of film motion, of the 
distance from the beginning to the end of 
the trace becomes a measure of the time 
during which the particle was sufficiently 
incandescent to register on the film. 

64 Rosin, P., Braunkohle, 24, 241-59 (1925). 
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Griffin, Adams, and Smith photo¬ 
graphed burning particles of a coal, a semi- 
#coke, a beehive coke, and an active char¬ 
coal. At 1,000° C (1,832° F), rarely at 
750® C (1,382® F), the coal showed bril¬ 
liant initial traces which were occasionally 
foynd with the cokes but not with the 
charcoal. The brilliant trace was supposed 
to be due to the combustion of volatile 
matter; the remaining trace corresponded 
to the burning solid residue. Since a re¬ 
cording paper and a panchromatic film 
having different speeds and spectral sensi¬ 
tivities gave nearly the same result, it was 
assumed that the time of photographic in¬ 
candescence was the burning time. Sev¬ 
eral explanations were proposed for the 
unexpected result that the burning time 
increased with rising furnace temperature. 
The possibility of incomplete combustion 
was rejected without any specific evidence. 

The unknown effective exposure times 
for the continuous traces make it difficult 
to compare the different investigations. 
Godbert concluded that his photographs 
coriesponded to the initial brilliant traces 
obtained by Griffin, Adams, and Smitli/'’'^ 
His data should be interpreted as applying 
to the burning time of the volatile matter. 
The time was inversely proportional to the 
sliecific surface and decreased with increas¬ 
ing reactivity (measured by the rate of 
oxygen absorption). It varied from about 
2 to 8 milliseconds in the range from 80- to 
200-mesh (I.M.M.). Since this was a 
small part of the total burning time, the 
other investigations were not suited to its 
determination but they were in qualitative 
agreement. 

The earlier investigations lacked suffi¬ 
cient data either to establish the degree of 

55 Godbert, A. L., Fuel, 9, 67-75 (1030). 
Godbert, A. L., and Wheeler, R. V., Bajety in 
Mines Research Board (London), Paper 78 
(1932), 21 Dp. 


combustion or to determine the relation 
between burning and photographic incan¬ 
descence. A later investigation®® showed 
by analysis and microscopic examination of 
residues that temperatures above 800° C 
(1,472° F) were needed for uniform ignition 
and that combustion was not complete 
even at 950° C (1,742° F) furnace tem¬ 
perature. It was also found that Eastman 
Super-XX Panchromatic roll film with an 
/:3.7 lens was able to record the incandes¬ 
cence into the region of rapidly falling 
temperature attributed to the controlling 
effect of the surface reaction. Since the 
rate of burning in this region was prob¬ 
ably too slow to add appreciably to the 
degree of combustion, the burning time was 
defined as the j)criod from the point of 
ignition to the onset of the final rapid fall 
in temperature. 

On the basis of these results it appeared 
probable that Griffin, Adams, and Smith 
were approximating the burning time and 
that their negative temperature coefficients 
resulted from a dependence of the degree 
of combustion upon furnace temperature. 
It is possible, however, that a variation of 
cenospherc size with furnace temperature ®® 
may have affected the burning rate. The 
comparatively small temperature coefficient 
for active charcoal makes this seem plau¬ 
sible. 

The available data on the photographic 
burning times for coal at 950° C (1,742° F) 
are shown in Fig. 23. These are burning 
times at constant furnace temperature and 
not at constant degree of combustion. 
They do not include the period of slow 
combustion during which the particle is no 
longer able to maintain a temperature sub¬ 
stantially above its surroundings. These 
limitations may not be serious. For par¬ 
ticles finer than 80-mesh, combustion was 
probably better than 90 percent com¬ 
plete.**® The burning time varies approxi- 



1560 


THE COMBUSTION OF PULVERIZED COAL 


mateJy as the square of the diameter. 
This is further evidence that the photo¬ 
graphic burning time actually corresponds 
to the theoretical time calculated on the 
basis of diffusion as the controlling factor. 

Hot tel and Stewart concluded that the 
specific combustion rate (the rate per unit 
surface area) should be expressed by the 
formula 

k~A^ (33) 

where A is a constant depending upon tem¬ 
perature, p is the partial pressure of oxy- 



Screen Opening, mm x 10^ 


Fi«. 23. Burning finit* as function of iiienii 
screen openinff.** (01.20 = float Plttsburph 
Seam coal; A 1.35 - float Pocahontas Seam 
coal, □ = Kanawha gas coal.) 

gen, and d is the particle diameter. On 
the basis of this formula and the Rosin- 
Rammler law of size distribution,"’** they 
calculated the unburnt carbon as a func¬ 
tion of time for a pulverized-coal flame. 
Comparing their results with Sherman^s ex- 
jierimental data they found that w? = 0 
gave a better correlation than 7n = 0.5 and 
indicated that even better results might be 
obtained by setting m equal to -0.4. 

Since setting rn equal to zero in equation 
33 is equivalent to a burning rate propor¬ 
tional to the particle surface, it would ap¬ 
se Rosin, P., and Rammler, E., J. Inst. Fuel, 
7, 29-.86 (1888). 


pear that the surface reaction rate was the 
controlling factor in Sherman’s experiments. 
However, the initial dust sampling point* 
was generally near the point of maximum 
temperature, anti the imburnt carbon at 
this point was less than 25 percent except 
for Pocahontas coal, ranging to a maximum 
of 50 ])ercent in a relatively cold furnace. 
The calculated rate of heat release per unit 
volume"'- was highly peaked in the early 
stages. It was estimated that just as long 
a time was required to burn from 2.0 to 
0.35 percent as to burn freshly ignited fuel 
to a residue of 2.0 ])ercent unburnt carbon. 
This indicates that the correlation was 
mainly dependent upon the rate of burning 
of the coarser particles in that part of the 
furnace where the temperature was such 
that the surface reaction was beginning to 
control. 

Considering all the data on the mecha¬ 
nism and rate of combustion, it appears 
that a transition must occur from diffusion 
to surface reactivity as the controlling fac¬ 
tor. Immediately after the zone of igni¬ 
tion and burning of volatile matter, the 
particle temperature rises very rajudly. In 
this region the smaller particles burn to a 
low carbon content within a time propor¬ 
tional to the .square of the radius of an 
equivalent solid s])here and to a function 
de])ending upon the influence of coal char¬ 
acteristics and flame conditions iqion ceno- 
sphere formation. 

The larger particles will still contain a 
considerable portion of the total carbon 
after the rate of heat release has passed it.s 
peak. Continued rapid combiLstion of 
these particles deiiends upon their ability 
to maintain them.^elves above a certain 
temperature. With the combustion rate, 
and hence the heat relea.se, varying as the 
particle diameter while the rate of loss by 
radiation is proportional to the surface, the 
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largest particles will have the lowest tem¬ 
perature. 

The reactivity of the original fuel is no 
indication of the temperature at which the 
.surface reaction begins to control. The 
high particle temperatures in the early 
stages of combustion transform the residue 
into a material whose reactivity is mainly 
a function of flame conditions. The char¬ 
acteristics of the original fuel appear in 
their effect on cenosphere formation, in a 
possible catalysis by ash, and in a hin¬ 
drance by ash incrustations. 

A complete calculation of burning times 
must consider the possibility that the sur¬ 
face reaction rate will begin to control be¬ 
yond a certain degree of combustion. Lack 
of data on the reactivity and configuration 
of combustion residues and the dependence 
of particle temperature upon an equilib¬ 
rium with furnace surroundings make it 
inadvisable to attempt a general solution. 

Elimination of Ash 

Practical problems peculiar to the com¬ 
bustion of pulverized coal result almost 
entirely from the ash content. Ash may 
have an effect on combustion, and certainly 
It is a factor in radiation to furnace walls 
The ash leaves the furnace as fly ash or 
collects as dry, pulverulent ash, as molten 
slag, or as more or less objectionable slag 
doiiosits. 

The composition and properties of a re])- 
resentative ash sample are a useful guide 
but must be applied with care.'^^ Physi¬ 
cally separable portions of the coal ash have 
different properties. The composition and 
percentage of ash in individual coal par¬ 
ticles vary within wide limits."’^ Bailey de¬ 
scribed the fly ash from hot furnaces as 

57 Bailey, E. G., and Ely, F. G., Trans. Am. 
Sue. Mech. Engrs., 03, 465-71 (1941). 

68 Gould, G. B., and Brunjea, H. L., Trans. 
Am. Inst. Mining Met. Engrs., 139, 364-75 
(1040). 


black, brown, gray, white, and transparent 
spheres together with unfused ash. An oc¬ 
casional coke particle had a number of ash 
beads onrits surface.®^ 

The molten beads may agglomerate 
either at the surface or in later collisions 
and may have sufficient fluxing action to 
absorb unfused ash. There is no simple 
relation between the size of the coal par¬ 
ticle and the size or number of ash parti¬ 
cles that result from its combustion. In¬ 
vestigations of fly ash have failed to de¬ 
termine such a relation because they have 
not correlated the number and size distri¬ 
bution of the ash particles with the number 
and size distribution of the particular coal 
particles from which they were derived. 

The histories of individual particles are 
just as varied as their compositions and 
sizes. Depending on it^^ composition and 
temperature, an ash particle may remain 
molten for some time after complete burn¬ 
ing. The temperature tails from a maxi¬ 
mum which occurs while the particle is 
still burning. (Exceptions may occur for 
ash liberated from small particles or when 
an ash particle approaches a hotter burn¬ 
ing particle.) The percentage of particles 
fusing below a certain temperature gener¬ 
ally decreases with increased “coal-ash- 
fusion temperature.” However, two coals 
having identical ash-fusion temperatures 
may behave differently. One might have 
a high percentage of medium-fusion-tem¬ 
perature particles, while the other might 
contain mostly high-fusion, together with a 
small but objectionable percentage of low- 
fusion, particles. 

Unfortunately coal ash does not have a 
sharp melting point. Over a considerable 

59 Dunn, J. T., J. Soc. Chenj,. Ind., 45, 60-lT 
(1926). Gibbs, W. E., J. Inst. Fuel, 3, 361-9 
(1980). Stern, A. C., Com\)UsUon, 4, No. 12, 
36-47 (1933). Hardie, P. H., ibid., 0, No. 9, 
10-16 (1935). Olin, H. L., Smith, A. A., and 
Shaw, G. L., ibid., 13, No. 3, 37-9 (1941). 
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temperature range it may have a sticky, 
viscous consistency that leads to slag de¬ 
posits. If allowed to accumulate, these 
deposits fall off and may damage the fur¬ 
nace floor. On boiler tubes they reduce 
heat transfer and may even stop the fur¬ 
nace draft. They are difficult to remove 
while the furnace is hot, and their removal 
requires considerable labor after the fur¬ 
nace is cooled. The formation of such de¬ 
posits limits the cai)acity of furnaces de¬ 
signed for dry-ash removal. In slagging 
furnaces, there is always a band in which 
deposits tend to accumulate. This band is 
unavoidable since the temperature must 
vary from above the fusion jmint at the 
molten slag bed to a i)oint below the fusion 
temperature of the lowest-melting i)articles 
at the boiler convection surface. To mini¬ 
mize and confine this l)and to a small re¬ 
gion where it can be most easily removed 
is a problem of furnace design. 

Ash samples collected from various parts 
of the same furnace do not have the same 
composition.'^^' For examine, ash or 
slag collected from the furnace bottom gen¬ 
erally has more iron in a lower state of 
oxidation than the fly ash. Without de¬ 
tailed information on the individual fur¬ 
naces, the cause of such segregation cannot 
be discussed excej)! in general terms. Mol¬ 
ten ash beads, having high density and 
minimum projected area, have compara¬ 
tively high rates of fall through the fur¬ 
nace gases. However, the slag may be less 
fusible than the original coal ash. Fer¬ 
rous oxide has more fluxing ])ower than 
ferric oxide, but excessive reduction liber¬ 
ates metallic iron, leaving a less fusible 
slag. Certain ash constituents, specifically 
pyrites, owing to their low grindability, 
concentrate as coarse particles that fall to 

00 NlehollH, P., and Reid, W. T., Trans. Am. 
Boo. Mech. Engrs., SO* 447-59 (1934). 


the furnace floor. Incomplete combustion 
of pyrites produces ferrous sulfide which 
collects as a liquid phase under the slag 
bed, often causing damage to tubes and 
cutting through floors. 

Various criteria for ash fusibility have 
different significance, depending upon the 
type of furnace and the particular operat¬ 
ing difficulty involved."’^ For dry-asli fur¬ 
naces, the initial deformation under oxi¬ 
dizing conditions is important in relation to 
slag deposits. For slag-tap furnaces, the 
fluid temperature in a reducing atmosphere 
indicates the conii)arative ease of tapping. 
In the range between these tem])eratures, 
impingement on walls or boiler tubes should 
])e avoided to minimize slag dei)osits re- 
(juiring mechanical cleaning. 

Fuknac'k Tkmpkratuhe and Heat . 

Transfkh 

Owing to the heterogeneous nature of the 
furnace contents, there is no single idiysi- 
cal quantity which represents the furnace 
temi)erature. Nevertheless, it is convenient 
to refer to relatively hot and cold furnaces 
without implying any quantitative differ¬ 
ences unless s])ecific directions for temjiera- 
tiire measurement or evaluation are giveni. 

Except for heat transfer to the furnace 
walls, the combustion i)roducts might at¬ 
tain the adiabatic tem])erature. This is the 
maximum equilibrium temperature that 
can be reached but does not limit the tem¬ 
perature at any given point in the furnace. 
A burning particle, being a source of heat, 
cannot be in equilibrium with its sur¬ 
roundings and might rise above the adia¬ 
batic temperature. The average gas tem¬ 
perature, in a volume receiving heat from 
its proportionate amount of fuel, would not 
be expected to do so. 

In the absence of thermodynamic equi¬ 
librium, temperature is not a definable 
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quantity.®^ For instance, an endothermic 
chemiluminiscent reaction could take heat 
from the walls of a transparent vessel and 
transmit it to surroundings at the same 
temperature. An observer, having no 
knowledge of the reaction, would errone¬ 
ously conclude that the vessel was hotter 
than its surroundings. Examining the con¬ 
tents of the vessel, lie would find a tem¬ 
perature depending upon the relative abil¬ 
ity of his thermometer to accept energy 
by conduction or by radiation. Under 
equilibrium conditions the relative popula¬ 
tion of all energy levels is determined by a 
single statistical parameter identifiable with 
temperature. Otherwise, it is necessary to 
consider the effect of the disturbed popula¬ 
tion and the heat-transfer process upon 
the probability of every conceivable tran¬ 
sition. Only in this way is it possible to 
find a quantity approximating the attri- 
])utes of temperature. Depending upon the 
displacement from equilibrium, the quan¬ 
tity found may vary for different applica¬ 
tions. 

The radiation from a small pulverized- 
coal flame contains bands ascribed to the 
jiresence of hydroxyl radicals.®- These 
bands add slightly to the total radiation. 
However, it is best to consider the energy 
held by such groups as unliberated chemi¬ 
cal energy. The chemical process controls 
their concentration and hence their rate of 
energy liberation. It would be extremely 
awkward to describe such i)rocesses in 
terms of temperature. 

Most of the energy in the radiation from 
the small flame is distributed in a continu¬ 
ous spectrum marked by atomic lines. The 
line spectrum is controlled by the concen- 

61 liennett, J. G., and PIrani, M., J. In»t. 
Fuel, 12, Sl-4 (1939). Tolman, R. C., The 
Principles of Statistical Mechanics, Clarendon 
PresB, Oxford, 1938, 661 pp., see pp. 538-40. 

62Coppens, L., Ann. mines Belg., 40, 149-69 
(1939). 


tration and percentage of ash as well as 
by temperature. The distribution of en¬ 
ergy in the continuous spectrum offers the 
best measure of temperature for the radi¬ 
ating particles. Difficulty in determining 
the opacity of the cloud and the energy in 
the line and band spectra makes the total 
energy unsatisfactory. Coppens’ data,®^ by 
comparison with black-body radiation, indi¬ 
cate a temperature of about 2,000° C 
(3,632° F), but the uncertainty as to spec¬ 
tral sensitivity of his plates and optical 
system permits an error of several hun¬ 
dred degrees. 

The radiation from large flames includes 
bands due to carbon dioxide and water in 
the combustion gases. The energy in these 
bands is determined by the depth of the 
gas layer, the gas composition, and tem¬ 
perature.®® This radiation arises from 
transitions between the various vibration- 
rotation energy levels of the gas molecules. 
The relative T)opulations of these levels are 
disturbed by the heat-transfer process. 
However, the efficiency of thermal collisions 
in re-establishing the distribution is prob¬ 
ably such as to make the temperature, as 
defined by the kinetic energy of translation 
of the gas molecules, quite satisfactory for 
radiation calculations. 

A thermocouple, in contact with a gas 
not at the same temi)erature as the sur¬ 
rounding walls, indicates a temperature de¬ 
pending upon the relative thermal and 
radiant heat-transfer coefficients. If the 
radiant coefficient is made comparatively 
small, as with the high-velocity thermo¬ 
couple, the indicated temperature is that 
of the gas. With change in the relative co¬ 
efficients, the temperature varies continu¬ 
ously to an opposing limit, depending, 
however, upon the radiant characteristics 
of the couple surface. 

68 Hottel, H. C., and Egbert, R. B., Trans. Am. 
Soc. Mech. Engrs., 68, 297-307 (1941). 
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The existence of such a limit suggests a 
radiation temperature defined by the in¬ 
tegral 

/ 4ir 

ma (34) 

. 

where Tj, is the temperature of a black 
body equivalent in total radiant energy to 
the sources seen in the solid angle dCl. 
Wohlenberg and Wise ^ proceeded directly 
to the calculation of heat transfer without 
determining the radiation temperature, but 
their procedure contains the essential steps 
needed for its calculation. It has the ad¬ 
vantage in that it composes the effect of 
all radiation sources into a scalar function 
of position in space which is simply related 
to heat transfer. Thus, the rate of transfer 
to unit area of a black-body surface is 
given by the formula 

R = 2a{TR* - Tt^) (35) 

The factor 2 enters because the radiation 
temperature at the surface is controlled 
throughout one hemisphere by the tempera¬ 
ture of the surface itself. 

The spectral distribution should be con¬ 
sidered in calculating the radiation reaction 
with gases. For instance, thermal radiation 
shows light or dark bands depending upon 
whether an intervening gas layer is hotter 
or colder than a solid background. The 
absorption bands being a small part of 
the total spectrum, the radiation tempera¬ 
ture, within the gas layer, varies slowly as 
comi)ared to the temperature of the radi¬ 
ation capable of interacting with the gas. 
Whenever the radiation temperature effec¬ 
tively differs from the gas temperature, 
heat transfer occurs and either the gas tem¬ 
perature must change or heat must be 
conducted through the gas. 

64 Wohlenberg, W. J.. and Wise, D. B., ihid., 
80, 531-47 (1938). 


In calculating heat transfer to a small 
isolated particle, such as a burning fuel or 
ash particle, it is convenient to use a radi¬ 
ation temperature based on the assumption 
that the given particle was not present. 
Since an individual particle makes a negli¬ 
gible contribution, except at distances of 
approach such that it occupies an appre¬ 
ciable solid angle, this procedure uses a 
radiation temperature T,. which errs only 
in failing to recognize the fine structure of 
the dust cloud. 

Direct transfer of energy from particles 
to gas is of primary importance in main¬ 
taining the temperature distribution in the 
furnace.®* The particle temperature must 
satisfy the equation 

II = \{T^ T,) -f - Tr^) (36) 

where A. and ^ are the appropriate heat- 
transfer coefficients, and H (equation 19), 
is the heat release at the particle surface. 
For ash, H = 0, the particle temperature 
must lie between the gas and radiation tem¬ 
peratures. For a burning particle, it rises 
to considerably higher values. 

The distribution of energy in the fur¬ 
nace is best determined by calculation. 
Following a procedure analogous to that of 
Wohlenberg and Wise,®* the radiation tem¬ 
perature can be calculated from tentative 
values for the gas, particle, and wall tem¬ 
peratures. Equation 36 and the require¬ 
ment that the heat released must eventu¬ 
ally be absorbed at the walls or contained 
in the combustion products leaving the 
furnace are then sufficient to calculate new 
temperatures. If these differ from the ten¬ 
tative values they may be used for re¬ 
peated calculations until no further changes 
occur. The calculations are too laborious 
for routine application, but solutions for 
special cases are extremely valuable. 

Wohlenberg and Wise made several ap¬ 
proximations in order to reduce the prob- 
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lem to a readily soluble form. Actual tem¬ 
peratures were replaced by radiant mean 
temperatures for refractory walls, gas, 
burning coal, and ash particles. Each class 
of distributed radiators was replaced by an 
equivalent radiation source located at a 
radiant-mean position. This led to an 
error in the distribution of energy absorp¬ 
tion at cold walls which was later cor¬ 
rected,®® The radiation reaction with gas 
was calculated from the beam length and 
the radiant-mean gas temperature without 
regard to temperature gradients. A finite 
thermal conductivity was assumed between 
particles and gas, but the heat transfer to 
walls was assumed to be by radiation only. 
This was equivalent to an assumption that 
the gas had an infinite thermal conductivity 
except for a finite transfer coefl[icient be¬ 
tween particles and gas and a zero co¬ 
efficient between walls and gas. 

As applied to a furnace having cold walls 
except for refractory at the burner end, 
the mean temperature of burning particles 
was found to exceed the mean gas tempera¬ 
ture by about 1,000° F, while the ash was 
lower by 10 to 15° F. About 20 percent 
of the heat release was converted directly 
to radiation. The residue was stored in 
the combustion products from which about 
30 percent was later converted into radi¬ 
ation. 

Temporary storage of 30 percent of the 
heat release requires a large variation in 
gas and ash temperatures from the flame 
to the furnace outlet. Representing these 
temperatures by their mean values may 
introduce some error in the radiation cal¬ 
culations but probably does not invalidate 
the conclusions. 

Within the flame, the average gas tem¬ 
perature is controlled by the percentage of 
the heat release not transferred directly to 
radiation. The burning particles, as heat 

65 Wohlenberg, W. J., ibid., 61, 263-6 (1039). 


sources, must rise considerably above the 
gas temperature. Depending upon the rela¬ 
tive influence of burning particles and the 
furnace walls, the radiation temperature 
may be above or below the gas tempera¬ 
ture. Beyond the flame, heat transfer from 
a large mass of gas requires a radiation 
temperature below the gas temperature. 
Thermal conduction is important only 
within a few inches from the wall. In this 
region the gas temperature rapidly ap¬ 
proaches the wall temperature, while the 
radiation temperature remains essentially 
constant and higher than the wall tempera¬ 
ture by an amount related to the heat- 
transfer rate by equation 35. 

The radiation temperatures shown in 
Fig. 20 were calculated from Bailey’s data,®^ 
using 0.8 and the slag fluid temperature as 
the wall absorption coefficient and tem¬ 
perature, respectively. The hemispherical 
radiation temperature, as seen by the fur¬ 
nace wall, approximately follows the fur¬ 
nace outlet temperatures of Fig. 20. This 
IS inverse justification for Bailey’s assump¬ 
tion that the outlet temperature was a 
reasonable approximation to the effective 
radiation temperature of the primary fur¬ 
nace contents. The radiation temperature 
reflects the absorption rate and the slag 
fluid lemiierature, which is a function of 
coal characteristics as modified by ash 
segregation in the furnace. The inverted 
relation between adiabatic and slag fluid 
temperatures is either coincidental or a 
result of design and operating factors. 
Evidently, no simple relation exists be¬ 
tween radiation and adiabatic temperatures 
which is not obscured by design and oper¬ 
ating factors. 

The radiation temperature rises above 
the wall temperature by an amount which 
depends, upon the geometry of the furnace 
and the characteristics of the flame. The 
number of ash particles resulting from each 
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coal particle is a factor,®® but is not sub¬ 
ject to control. With a given coal and 
furnace, the particle-size distribution and 
the adiabatic temperature, hence the per¬ 
centage of excess air, are the only obvious, 
controllable factors. In the absence of 
knowledge and methods for such control, 
the proportion of the heat release absorbed 
by radiant surfaces cannot be controlled 
except as the state of slagging and slag- 
fluid temperatures control the heat-receiv¬ 
ing-surface temperatures. 

Unburnt ("arbon Losses 

Combustible may escape from the fur¬ 
nace as gases or solids. Intensive mixing 
and moderate excess air in the presence of 
burning coal and incandescent ash particles 
are ideal conditions for the elimination of 
combustible gases. Such losses are usually 
negligible, and their occurrence generally 
indicates deficient air. 

Combustible solids, approximating car¬ 
bon in composition, may escape in slag or 
fly ash. Carbon is incompatible with mol¬ 
ten slag containing oxides of iron, but 
considerable time may be required for its 
elimination. Carbon losses in molten slag 
are low but not necessarily negligible.®^ 
Fly ash always contains api)reciable 
amounts of combustible. A survey by 
Jacobus and Bailey®® indicated that the 
loss increased with high fixed carbon, coarse 
pulverization, cold furnaces, dela 5 ^ed mix¬ 
ture with air, low excess air, and high com¬ 
bustion rates. 

The variables involved are so intercon¬ 
nected and so related to design and econ¬ 
omy that general recommendations cannot 

ee WoIilenb(*rg, W. J., ibid., 61, 674-6 (1939). 

67 Bailey, E. G., and Hardgrove, R. M., Proc. 
Srd Intern. Conf. Bituminous Coal, 2, 349-69 
(1931). 

68 Jacobus, D. S., and Bailey, E. G., Proc. 2nd 

Intern. Conf. Bituminous Coal, 2, 241-76 

(1928). 


be made. Other things remaining constant, 
excess air varies inversely with furnace 
temperature. The heat release jjer unit 
volume may be higher in slagging furnaces 
where some flame impingement on furnace 
walls can be permitted. Thermal efficiency 
increases with fineness, but the pulveriza¬ 
tion cost also increases so that a certain 
fineness gives maximum economy.®® Al¬ 
though the percentage retained on a 200- 
mesh screen may serve as an index of fine¬ 
ness, the performance of air-swept mills is 
such that the percentage on 100-mesh 
might be equally satisfactory without im¬ 
plying that cither the coarse or the fine 
end of the size distribution is responsible 
for combustible losses.®® 

Evidence for a dependence of carbon loss 
upon ash content is significantly lacking 
excej)! as resulting from an effect of slag¬ 
ging conditions upon furnace temperature. 
Some carbon may be occluded within ash 
particles. However, coal appears to be a 
heterogeneous substance with ash as the 
discontinuous phase. Ihiiley, examining lly 
ash from hot furnaces, found most of it as 
black, brown, gray, white, and transparent 
spheres together with unfused ash. An 
occasional carbon or coke particle had a 
number of ash beads on its surface.^^ Ap¬ 
parently molten ash does not wet a carbon 
surface. Without agglomeration into large 
masses, except at furnace walls, there is 
little opportunity for occlusion of carbon 
by ash. 

Practical reduction of combustible losses 
results from an appropriate balance be¬ 
tween burner design, furnace conditions, 
and fineness of pulverization. Aside from 
maintaining ignition, the burner, including 
contributory functions of the furnace, must 
insure that an adequate supply of air 
reaches all the coal. This may be accom- 

09 Tenney, E. H., Trans. Am. Soc. Mevh. Engrs., 
54, FSP 64-7, 56-60 (1932). 
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plished at any point such that combustion 
is complete within the furnace. However, 
the period of rapid combustion leaves a 
residue containing a percentage of combus¬ 
tible that appears to depend upon the par¬ 
ticle size. Continued combustion is limited 
by the high temperature coefficient of the 
surface reaction. If the furnace tempera¬ 
ture is not high enough to overcome this 
chemical resistance, higher degrees of com¬ 
bustion cannot be attained. 

Increasing fineness brings the heat re¬ 
lease closer to the burner. The more rapid 
temperature rise of unignited particles pro¬ 
duces less swelling in cenosphere formation. 
The net effect is an even smaller average 
size of burning particles which tend to ap¬ 
proach more nearly to the gas than to the 
radiation temperature. In dry-ash fur¬ 
naces, where cold walls produce low radia¬ 
tion temperatures, fine pulverization and 
intense combustion held close to the burn¬ 
ers are the only available means for reduc¬ 
ing combustible losses. 

Present Status and Development 
Trends 

Many early applications failed because 
of an attempt to adapt pulverized coal to 
existing types of combustion equipment, 
lixcept fortuitously in such applications as 
the cement kiln, real progress has followed 
the inverse procedure of adapting combus¬ 
tion e(iuii)inent to pulverized coal. The 
greatest (levelojunent has been in large 
steam-boiler furnaces. High thermal effi¬ 
ciency demands low excess air and, con- 
seciuently, furnace temiieratures above ash- 
fusion temperatures. Water-cooled walls 
have minimized the destructive action of 


flame impingement and provided heat ab¬ 
sorption to reduce the ash below its fusion 
temperature before reaching the narrow 
convection heating spaces. 

The adaptability and limitations of the 
pulverized-coal flame are reasonably well 
known. Wherever high temperatures are 
desired and the effects of the coal ash are 
not prohibitively objectionable, the use of 
pulverized coal is generally possible and 
depends only upon questions of economy. 
Some advantage must be found to offset 
the cost of pulverization. The capital and 
operating costs of imlverization equipment 
may be less than the added cost of more 
expensive fuels. As compared to stokers, 
the use of pulverized coal is highly favored 
for units generating more than 100,000 
I)ounds of st(*am per hour.'^® Equipment 
costs and the need for skilled operators 
prohibit its use in small units, below about 
40,000 i)ounds of steam per hour. 

Increasing usage of pulverized coal de¬ 
pends upon more efficient utilization of 
furnace volumes and the development of 
more reliable and less expensive methods of 
pulverization and combustion control. 
These problems must be considered as a 
unit. The amount of air blown through 
nulls and classifiers affects both the size 
distribution and the amount of secondary 
air required at the furnace. The size dis¬ 
tribution is an important factor in flame 
radiation. A shift towards smaller maxi¬ 
mum but higher average sizes might give a 
more favorable distribution of burning par¬ 
ticles, the most efficient radiators in the 
furnace. 

70 Booth, K. D., ibid., «1, 81-7 (1939). 
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The problem of converting the energy of 
solid fuels, such as coal, directly to elec¬ 
trical energy, without passing through the 
intermediate stages of conversion from 
thermal to mechanical and from mechani¬ 
cal to electrical energy, has, because of its 
industrial significance, attracted the atten¬ 
tion of investigators for many years. It is 
easy to visualize the revolutionary effect 
which the development of a fuel cell might 
have upon our industrial life, not only 
from the standpoint of decreased cost of 
power, but particularly in mitigation of at¬ 
mospheric pollution. Although all types 
of fuel cells which have been proposed so 
far have been unsuccessful, there is con¬ 
tinued interest in the problem.^ 

The recovery of the energy in carbon or 
in fuel of high carbon content, such as coal, 
as electrical energy may theoretically take 
place either by direct utilization of the 
principal reactants—carbon and oxygen— 
in a cell, or indirectly by use of certain of 
their reaction products. Fuel cells may, 
therefore, conveniently be classified into 
two broad types, direct and indirect. 

1 See, for example, a review by E. Baur and 
J. Tobler, Z. Elektrochem., 39, 109-80 (1933), 
and U. S. Pats. 1,96^,560 (1934) and 2,175,523 
(1939) issued to H. H. Qreger. 


Direct Cells 

The maximum electrical energy which 
can be obtained from the reaction C + 
O 2 CO 2 can be calculated from the free 
energy change involved; it amounts to 
109.4 watt-hours per gram atom of carbon, 
or 4.136 kilowatt-hours per pound. The 
effect of changes in temperature, and of 
the pressure at which the oxygen is sup¬ 
plied, can also be predicted from the ef¬ 
fects of changes in these variables upon 
the magnitude of the free energy change. 
The voltage of a cell in which graphitic 
carbon reacts with oxygen at 1 atmosphere 
and at 25® C is given by the following re¬ 
lation: 

AF°298 X 4.18 „ 

where AF °298 is the free energy change, 
—94,260 calories; ^ 4.18 is a constant relat¬ 
ing calories and watt-seconds; N is the 
number of unit charges involved in the re¬ 
action, 4 in this case; F is the quantity 
of electricity associated with unit charge, 
96,494 coulombs, and 1^298 is the voltage of 
the cell, 1.01. It can be shown ^ that the 
effect of temperature on the voltage of the 

2 Lewis, G. N., and Randall, M., Thermo¬ 
dynamics, McGraw-Hill Book Co., New York, 
1923, p. 576. 
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cell will be very slight since the value of 
at 1,000® differs by only 16 calories 
from that at 25® C. 

The effect of changes in the partial pres¬ 
sure at which the oxygen is supplied can 
be calculated from the relation ^ F - F"" = 
RT\n a, where F is the free energy in any 
chosen state, F® is the free energy in the 
standard state, a is the activity—unity for 
a perfect gas at 1 atmosphere—^and R and 
T have their usual significance. It can be 
shown from the above relation that, with 
oxygen supplied at 10 atmospheres, the 
value of A/i ^298 is increased by 1,360 calo¬ 
ries and the electromotive force of the cell 
by 0.014 volt. If air, in which the oxygen 
partial pressure is approximately 0.2 at¬ 
mosphere, is used in place of oxygen, the 
value of will be decreased by approxi¬ 
mately 0.010 volt and the value of Ei 27 z 
by about four times this amount. Thus, it 
IS evident that considerable changes neither 
m temperature nor in the partial pressure 
at which the oxygen is supplied will affect 
the voltage of such a fuel cell markedly. 

If we are to obtain the energy of the 
reaction C -}- O 2 CO 2 from the electro¬ 
chemical reaction of carbon and oxygen, 
these elements must function as the elec¬ 
trodes in a cell and each must acquire a 
charge, either by sending ions into the 
electrolyte or by the discharge of ions from 
the electrolyte. Examples of both types of 
behavior are common among the elements. 
For example, a zinc electrode immersed in 
an electrolyte becomes charged negatively 
by sending positively charged zinc ions into 
solution. The iron electrode in an Edison 
cell becomes negatively chafged by dis¬ 
charge of hydroxyl ions, and a gaseous, 
nonconducting element like chlorine, ad¬ 
sorbed on the surface of a noble metal, dis¬ 
solves as negatively charged chloride ions 

3 See p. 255 of ref. 2. 


and leaves the noble metal positively 
charged. Unfortunately, carbon, so far as 
we know, never ionizes, and oxygen does 
so only slowly, after activation under spe¬ 
cial conditions, such as at the surface of a 
finely divided noble metal or at specially 
active carbon surfaces. Both carbon and 
oxygen can function electromotively, how¬ 
ever, by reaction with ions from the elec¬ 
trolyte, but the process is usually slow. 
Because of simplicity and directness, this 
type of fuel cell appealed to many of the 
early investigators, and various cells based 
upon this principle have been described 
and patented. It has since been shown 
that the action of some of the cells was 
really dependent upon the formation of an 
active secondary product; for example, it 
has been demonstrated^ for cells in which 
the carbon was immersed in fused alkali 
that it is the hydrogen formed by reaction 
of the carbon with the alkali which is elec¬ 
tromotively active, and that the carbon 
really functions as a hydrogen electrode 
and is not charged directly by discharge of 
OH'. For simplicity, however, all cells 
which have used carbon as the negative 
electrode and in which the secondary prod¬ 
uct, if any, is formed directly in the cell 
have been classified as “direct.” ® 

Cells of this direct type have operated 
either at ordinary temperatures with aque¬ 
ous electrolytes, or at elevated tempera¬ 
tures, making use of fused electrolytes or 
aqueous electrolytes under pressure. Often 
either platinum, iron, mckel, silver, copper, 
or some oxide has been employed as the 
cathode, and since the potentials of the 
electrodes have not been studied independ¬ 
ently it is difficult to decide whether the 
limitations of the cell have been due to the 

4 Haber, F., and Bruner, L., Z. Elektroohem., 
10, 697-713 (1904). 

5 For other elassificatlons Bee, for example, 
ref. 41 and Baur and Tobler’g review, ref. 1. 
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low reactivity at the carbon or at the oxy¬ 
gen electrode. The activation of oxygen is 
discussed in later sections. 

Early cells of the direct type were those 
of Becquerel ® and of Jablochkoff/ in which 
platinum or iron cathodes and carbon an¬ 
odes were used in combination with an 
electrolyte of fused potassium nitrate. Ob¬ 
viously those cells erred in the use of car¬ 
bon in direct contact with an oxidizing 
agent, and furthermore a very exi)ensive 
form of '‘fuel/’ electrode carbon, was nec- 
e.ssary. Cells of this tyi^c have been de¬ 
scribed by a numl)er of workers.®- ®- 

An imj)rovement in the Becquerel-Jab- 
lochkoff type of cell was made by the re- 
])lacement of the oxidizing electrolyte by 
alkali carbonate or hydroxide.^^ Jacques 
built a cell of this type and claimed a cur¬ 
rent of 150 amperes at 1 volt from a bat¬ 
tery 50 centimeters long l)y 8 centimeters 
in diameter. A test by Stone & Webster, 
Inc., was rejDorted^^ which showed the cell 
to operate with 82 percent of the theoreti¬ 
cal efficiency. This cell received consider¬ 
able attention from the jjopular press’* 
and was pictured (Fig, 1) as a device which 
could be placed in the basement of domes¬ 
tic dwellings to furnish current for the 
household. This hope, of course, was never 

Bci-quorol, A. C., Traitd ei du 

nmgnftiHmv, Firmin Didot Fr^ros, I'ariK, 

Vol. I, pp. IS.a, 185. 

7 .Inbloohkoff, P., Compt. rend., MR, 1052-3 
(1877). 

wjirnrd, M., Compt. rend., »5, 8U0-2, 1158-00 
(1882). Shrewsbury, C. P., Murshall, F. L., 
(’iKiper, .7., and Dobell, J. L., J. 8oc. Ghent. Ind., 
14, 974 (1895). 

0 Korda, D., Elektrotrch. Z., 10, 272 (1895). 

10 Schmitz, G., ibid., 10, 145 (1895). 

iiArchereau, H. A., Brit. Put. 1,037 (1883). 
Anon., Z. Elektrochem., 4, 129-30, 105-71 

(1897). Fabingi and Farkas, Compt. rend., 
10«, 1597-8 (1888). 

12 Anon., Z. Elektrochem., 4, 129-30, 165-71 
(1897). 

13 Editorial, Elec. Eng., 21, 261, 497 (1896). 

14 JacqueH, W. W., Harpers Magazine, 94, 
144-50 (1896-7). 


realized. During the following decade 
studies on the Jacques cell and its modifi¬ 
cations were made by many workers.’ 





Fig. 1. JacqucK’ coll.^* “Taken apart t») 
kIiow iron pot. slick of carbon witli iron sns 
)»cnsion, and air-siijqtly pijic witli rose uo/z/Av. 
This carbon is twenty inches long and ten inclics 
in circiimfcrcnc»\ and yields a current of about 
one hundred and iifty ainjauv's. 'Plic elect ro- 
motive force is one volt." 

Haber and Bruner,as a result of an in¬ 
vestigation of the Jacques (;ell, reached the 
important conclusion that a carbon elec¬ 
trode immenipd in alkali at elevated tem- 

i.'iReed, C. J., Elec. World, 28, 44-5, 74-5, 
98-100, 134-5 (1896). Liebenow, C., and Stras- 
ser, L., Z. Elektrochem., 3, 353-62 (1897). 

Sneher, J., and L<>renz, R., see p. 852 of ref. 18. 
Byrnes, E. A., Trans. Electrocliern. 8oc., 2, 113-9 
(1902). lAirenz, R., see ref. 9. 

10 See p. 703 of ref. 4. 
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peratures really constitutes a hydrogen 
electrode owing to the presence of active 
hydrogen formed by reaction between the 
alkali and either carbon itself or carbon 
monoxide, and that the potential of the 
carbon depends upon the velocity of hy¬ 
drogen formation. The iron electrode was 
shown to function as an oxygen electrode 
after reaching the passive state. Haber 
believed that the passivity was brought 
about by small amounts of manganate in 
the alkali. The suggested reactions were 
as follows: 

MnO/' + HoO + 2c MnOg" + 20H' 

MnO;/' was reconverted to Mn 04 " by the 
action of air. 

Taitelbaum used carbon and iron elec¬ 
trodes immersed in molten sodium hydrox¬ 
ide at 370 to 390® C. Manganese dioxide 
was added to the melt around the iron elec¬ 
trode to facilitate maintenance of tlie oxy¬ 
gen potential and various reducing agents, 
such as carbon monoxide, hydrogen, car¬ 
bon, sawdust, and petroleum, were added 
at the carbon electrode. With a carbon 
electrode alone, 4 centimeters in diameter 
by 8 centimeters long, the cell furnished a 
current of 0.020 ampere at 0.53 volt. Bet¬ 
ter results were obtained with certain addi¬ 
tional combustible depolarizers. Sawdust 
gave as high tis 0.100 anijiere at 0.50 volt. 
IjCss satisfactory results were obtained with 
petroleum, carbon monoxide, sugar, hydro¬ 
gen, and naphthalene as reducing agents. 

Bechterew^^ investigated the potential 
of carbon (Lampenkohle) up to 650® C in 
a number of electrolytes. 

Baur and Ehrenberg,’® using a carbon 

17 Taitelbaum, I., Z. Elektrochem., 16, 280-300 
( 1010 ). 

18 Bechterew, P., Z. Elektrochem., 17, 851-77 
(1011). A survey of the literature up to 1910 
is included. 

19 Baur, E., and Ehrenberg, H., ibid., 18, 
1002-11 (1912). 


anode, fused borax electrolyte, and oxygen 
dissolved in molten silver as the oxygen 
electrode reported currents of 1.0 ampere 
per square decimeter at 1 volt. They also 
stated that a current density of 5,0 am¬ 
peres per square decimeter can be used 
with a polarization of only 20 percent. 
Analysis of the data shows that the value, 
5.0 amperes ])er square decimeter, is too 
large by a factor of 10. 

Fischer and Lepsius constructed a cell 
consisting of a carbon and a magnetite 
electrode, the former 1.0 centimeter in di¬ 
ameter, the latter 1.5 centimeters, im¬ 
mersed in molten sodium hydroxide. On 
open circuit at 550®, the electromotive 
force was 0.8 volt; when closed through 10 
ohms an approximately constant current of 
0.060 ampere at 0.() volt was observed. 

Hofmann and Ritter worked with an 
aqueous electrolyte system. The carbon 
anode was inmiersed in 2N NaOH and a 
platinum cathode in 20 jierccnt sodium hy¬ 
pochlorite. The two half-cells were con¬ 
nected by a sodium chloride bridge. The 
theoretical voltage was calculated to be 
1.3; the observ^etl voltage on ojicn circuit 
was 0.0 volt. In exiieriments where cur¬ 
rent was drawn from the cell through a 
silver coulometer and the amount of car¬ 
bon dioxide evolved was determined, the 
theoretical relation was found. Thiel -- 
discussed the theory of this cell. The cost 
both of the “fuel’’ and of the oxidant ren¬ 
ders this cell impractical. 

Baur, Petersen, and Fullemanii studied 
the electromotive force of various metal 
oxide-carbon cells at 7(K) to 1,300“ C with 
molten borax as an electrolyte. The ob- 

20 Fisrher, Fniii/., uiid LopHius, R., Ber., 45, 
2316-7 (1912). 

21 Ilofmanu, K. A., and Ritter, K,, ibid., 47, 
2233-44 (1914). 

22 Thiel, A., Z. Elektrochem., 21. 326-9 (1915). 

23 Baur, E., Petersen, A., and FUllemann, Q.. 
ibid., 22, 409-14 (1916). 
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served electromotive forces were found to was effective at both electrodes, being al- 

be a function of the dissociation pressure temately oxidized by contact with air at 

of the oxide system. the cathode to Mn 04 " and reduced by elec- 

Reed^* constructed a simple cell from trochemical discharge, while at the anode 

fireclay crucibles (Fig. 2). A graphite grid the reverse reactions took place, the reduc- 

anode floated on the electrolyte in the inner tion being chemical, by contact with the 

compartment and was covered with crushed carbon, and the oxidation electrochemical. 



PiQ. 2. Reed’s cell.** “A—Six-Inch Battersea roasting dish. B—Section of three-inch (7.5 cm.) 
Battersea crucible. C—Cover. D—Graphite electrode. B —Aperture for escape of products of 
combustion. F—Wire conductor to voltmeter. G—Gold foil electrode. H—Wire conductor to volt¬ 
meter. K—Broken coal. M—Fused borax with oxides of manganese In solution. N—Communica¬ 
tion passages. 0—Oxidizing region, P—^Waste gas chamber. R—Reduction region.” 

electrode carbon. The gold-foil cathode Baur, Treadwell, and Trumpler’s^® cell 
floated on the surface of the melt in the consisted of a magnetite-ferric oxide cath- 

outside compartment m free contact with ode separated by a magnesium oxide dia- 

air. The electrolyte consisted of a mixture phragm from the cjirbon anode, which was 

of borax and manganese dioxide, and the immersed in a melt of mixed sodium and 

cell operated at 935 to OtlO” C. The open- potassium carbonates. The fused electro¬ 
circuit electromotive force was 0.9 volt, lyte in the pores of the diaphragm fur- 

which, after delivering 0.171 ampere for an nished the conduction but, according to the 

hour, fell to 0.82. The anode area was patent specification, did not wet the sur- 

about 50 sepia re centimeters, and the cath- face of the oxygen electrode, which was 

ode 87 square centimeters. Allemand*® kept in the oxidized state by a current of 

has suggested that the manganese dioxide air. No data on the performance of this 

24 R«d. s. A., 3rr«.».. Bieetrochem. Bor., 88, Cell were given, but Ihe estimated capacity 

89-04 (1018). was 470 watts per cubic meter. 

25 Allpmand, A. J., and Bllingham, H. J. T., 

Principles of Applied Electrochemistry, Long- 26 Baur, E., Treadwell, W. D., and Triimpler, 
mana, Green & Co., New York, 1924, p. 228. G., Z. Elektrochem., 27, 199-208 (1921). 
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The two cells of Fischer and Kronig^^ 
represent an attempt to operate a fuel cell 
at higher than atmospheric pressure and 
were apparently an outgrowth of work on 
pressure oxidation of carbonaceous materi¬ 
als. In the second design, which gave the 
more satisfactory results, the inside of a 
small steel autoclave constituted the cath¬ 
ode surface. The anode was a small iron 
rod, which was kept in the reduced state 
by a suspension of brown coal, confined to 
contact with the anode by a porous cup. 
An aqueous alkaline electrolyte was em¬ 
ployed. The iron anode was insulated elec¬ 
trically from the autoclave top, and the 
whole system was operated at pressures up 
to 30 atmospheres of air at 200“ C. Under 
these conditions, the electromotive force on 
open circuit was approximately 0.55 volt. 
This rapidly fell to zero, no doubt owing 
largely to diffusion of the '^humates^' 
formed by oxidation of the brown coal 
through the porous cup into contact with 
the cathode. 

Von Rhorer's cells \ised anodes of 
either coke, retort carbon, or lamp carbon, 
held in position at the bottom of the cell 
by an iron conductor insulated with a por¬ 
celain shield, or of ground coal confined in 
an iron spoon. The cathodes were plati¬ 
num, silver, copper, or iron, part of the 
electrode being in direct contact with the 
air. The cell was operated at 900° C, and 
the electrolyte consisted of a mixture of 
sodium and potassium carbonates to which 
varying amounts of barium carbonate, mag¬ 
nesium oxide, and aluminum oxide were 
added. The open-circuit electromotive 
force of these cells was approximately 1.2 
volts, and it was concluded that the chief 

27 Fischer, Franz, and Krtinig, W., Gea. Ah- 
handl. Kenntnia Kohle, 7, 213-30 (1022-3). 

28 Von Rhorer, L., Z. Elektroohem., 29, 478- 
88 (1923). 


process was the oxidation of carbon to car¬ 
bon monoxide. In prolonged experiments, 
during which the carbon anode material 
was completely consumed, the current effi¬ 
ciency at the carbon was only about 40 
percent, the losses due to chemical combus¬ 
tion being high. Tests run on the cells 
under load with a cell voltage of approxi¬ 
mately 0.8 showed around 16 percent en¬ 
ergy efficiency on the total carbon con¬ 
sumed. On the basis of that consumed 
electrochemically, the efficiency reached 40 
percent. 

Since 1930 few investigations on the di¬ 
rect typo of fuel cell have been report^ed. 
Sconzo^® studied the potential of a cell 
consisting of carbon and silver electrodes 
immersed in an electrolyte of fused silver 
nitrate at temperatures up to 350° C. Up 
to approximately 240° C, the carbon func¬ 
tioned as the cathode, the oxygen electrode. 
Reversal was noted above this tempera¬ 
ture. Tamaru®® and coworkers studied 
cells consisting of charcoal cathodes and 
platinum, palladium, gold, silver, or cop¬ 
per anodes. A eutectic mixture of potas¬ 
sium carbonate, sodium carbonate, and 
lithium carbonate was found useful in the 
range 400 to 550° C. Measurements of 
single electrode potentials showed that po¬ 
larization was serious at both electrodes at 
400 to 500° C, but at 550 to 600° C it was 
chiefly the oxygen electrode which func¬ 
tioned poorly. Manganate was found to 
improve the performance when platinum, 
palladium, gold, or silver cathodes were 
employed. Borate was found to be an es¬ 
pecially useful addition agent with copper 
cathodes. 

29 Scunzo, A., Ann. chim. applicata, 22, 794- 
802 (1932). 

30 Tamaru, S., and Eamada, M., Z. Elektro- 
chem., 41, 93-6 (1935) ; J. Ghem. 8oo. Japan, 
50, 92, 103 (1935). 
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Indirect Cells 

By far the greater number of fuel cells 
which have been proposed are of the indi¬ 
rect type. Although the difficulties with 
ionization of the carbon, with its sluggish 
kinetic behavior, and with the accumula¬ 
tion of inorganic impurities from the ash 
present in solid commercial fuels, may be 
largely eliminated by making use inside a 
cell of reaction products of coal prepared 
in a separate chemical reaction outside of 
the cell, care must be exercised in choosing 
this reaction, or a significant fraction of 
the energy available from the original oxi¬ 
dation of the carbon will be lost and the 
whole point of Ihe fuel cell disappears. 

For example, it has been projiosed to 
build a gas cell using carbon monoxide, 
prepared in a gas i)ro(lucer, as the reduc¬ 
ing agent. The cell reaction would be 
CO + ^>402 CO 2 , and the free energy 
change, at 25^0, -01,750 calories," but 
even if this cell operated at 100 jiercent ef¬ 
ficiency we could recover only 05.5 iiercent 
of the energy in the original carbon. It 
would have the advantage of a somewhat 
higher voltage than a cell based on the oxi¬ 
dation of carbon to carbon dioxide: 1.33 
compared to 1.01 volts. At higher tem¬ 
peratures, however, the free energy change 
of this reaction decreases rapidly so that a 
cell operating on i)roducer gas at 1 , 000 ° G, 
at 100 percent efficiency, would recover 
only 43.3 percent of the energy of the 
original oxidation of the carbon to carbon 
dioxide, and the theoretical cell voltage 
would only be 0.882 volt. 

An example of an especially poorly 
chosen reaction is the proposal to use the 
carbon to reduce sulfur trioxide to sulfur 
dioxide, 2 SO 3 + C 2 SO 2 -f C() 2 , and to 
carry out the oxidation of the sulfur diox¬ 
ide to sulfur trioxide in a cell, thus furnish¬ 
ing an amount of electrical energy equiva¬ 


lent to the free energy change available in 
the oxidation of sulfur dioxide to trioxide. 
The free energy change for the reaction 
2 SO 2 + 02 -^ 2 SO 3 is, however, but -32,- 
460 calories at 25° C so that only 34.5 
percent of the energy available by oxida¬ 
tion of the original carbon could be recov¬ 
ered as electrical energy. This figure for 
efficiency is only slightly higher than that 
of the best steam plants.^'*- Thus, it is evi¬ 
dent that, if the carbon is to be put 
through some chemical reactions outside of 
the cell, they must proceed with small free 
energy changes if a high overall efficiency 
is to be attained. 

From this standpoint the reaction of car¬ 
bon with steam, which may be t>’pificd by 
the equation C + HoO CO -f llo, is sat¬ 
isfactory. This is an endothermic reaction, 
and the hydrogen and carbon monoxide 
formed, if burned in a fuel cell at 100 jier- 
cent efficiency at room temperature, would 
yield the equivalent of 116,000 calories in 
electrical energyThus, from the energy 
relations, a cell operating on water gas 
would appear to have possibilities. Pres¬ 
ent costs of gasification are, however, such 
that energy in the form of water gas is sev¬ 
eral fold as expensive as that in the form 
of coal, so that, even if very high effi¬ 
ciencies are assumed for the fuel cell, the 
resulting electrical energy will still be more 
costly than that jiroduced by the much less 
efficient steam plant. 

Indirect fuel cells have been proposed 
which operate with gaseous, dissoKed, or 
solid reaction products of carbon. The 
temperatures of operation have varied from 

81 See p. 551 of ref. 2. 

32 EfiBcieneieB of 35 percent have been 
reached with mercury boilers: Elec. Worlds 97, 
918 (1931) ; Combustion, 11, No. 7, 33 (1940) ; 
see also Energy Resources and National Policy, 
Government Printing Office, Washington, 1939, 
pp. 108-9. 

83 See pp. 485 and 570 of ref. 2. 
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room temperature up to 1,100° C. The 
various types are discussed in the follow¬ 
ing paragraphs. 

CELLS OPERATING ON GASEOUS REACTION 
PRODUCTS 

Over a hundred years ago Grove ob¬ 
served that there was a difference of poten¬ 
tial between platinum electrodes if one was 
saturated with hydrogen and the other with 
oxygen and that a certain amount of en¬ 
ergy could be drawn from such a cell. This 
con.stitutes the first record of a gas battery. 
Several hydrogen-oxygen fuel cells have 
been patented.^*"' Mond and Langer 3® 
const riioted an elaborate hydrogen-oxygen 
cell. The electrodes consisted of thin plati¬ 
num sheets jicrforated with some 1,500 
small holes per square centimeter. To de¬ 
crease internal resistance the sheets were 
j)acked with lead strips provided with cop- 
])er leads, and to increase reactivity they 
were coated with platinum black. The 
electrolyte consisted of dilute sulfuric acid 
absorbed in a porous diaphragm of gyp- 
.sum, asbestos, or cellulose board. The 
electrodes were clamped against the two 
Sides of the diaphragm saturated with the 
electrolyte, and the whole was ah.sembled 
111 a hard-rubber frame. Inlet and outlet 
tubes were jirovided for hydrogen and for 
oxygen back of the electrodes. The elec¬ 
tromotive force of such a battery was 
found to be dejiendent upon the method 
of iireiiaratioii of the platinum black; the 
highest observed was 0.07 volt. Currents 
of 2 to 2.5 amperes at 0.73 volt (1,45 to 
1.S2 watts) could be drawn from a battery 
of active surface of 700 square centimeters. 

Grove, W. U., Phil. Mag., 14, 127-30 (1839). 

»r. lUaiu-lmrd, V. W., U. S. Put. 208,174 
(18S2). Mliller, W. A., and Wellman, J. P., 
Ger. Pat. 99,544 (1898). Zopke, O., Ger. Pat. 
131,.WO (1902). 

Mond, Ti., and Laiiffer, C., Proc. Roy. 8 oc. 
{London), 4«, 296-308 (1889). 


containing 0.35 gram of platinum foil and 
1.0 gram of platinum black. The energy 
efficiency based on hydrogen consumed was 
approximately 50 percent. Heat was dissi¬ 
pated and the operating temperature was 
maintained at about 40° C by blowing an 
excess of air around the oxygen electrode. 
This current of air also served to carry off 
the water formed in the reaction. The cell 
showetl strong concentration polarization 
due to accumulation of SO4" and HSO4' 
at the anode and water at the cathode, re¬ 
sulting in a decrease of the electromotive 
force of 4 to 10 ])ercent per hour of opera¬ 
tion. This polarization was overcome by 
reversing the flow of the gases. The high 
initial cost, small energy output per unit 
of volume, low efficiency, and high-priced 
“fuel” required, among other factors, ren¬ 
dered this cell entirely impractical. Wright 
and Thompson'*^ developed independently 
a similar type of cell. 

(\‘iilletet and Collardeau studied the 
effect of pressure on the capacity of hy¬ 
drogen electrodes of spongy platinum, gold, 
and iialladium. At 580 atmospheres they 
es(imate<l the ca])acity of spongy platinum 
at approximately 50 ampere-hours per kilo¬ 
gram. Siegl nuule use of platinized Car¬ 
bon granules and claimed greatly increased 
cajiacity over jilatinum alone. Gaiser'^® 
added colloidal platinum or silver. 

Hideal and Evans -*1 used nickel as a sup¬ 
port for the platinum black in a hydrogen- 
oxygen cell without success. Hofmann'*- 
made a study of the hydrogen-oxygen cell 
Using ])latiniz(‘d clay tubes as electrodes. 

'»T Wrij'lU, A., and Thompson, C., Proc. Roy. 
8 of (London), 46, 372-6 (1889). 

•Js (\nilo1o(, L., and Uollardeaii, E., Compi. 
rvnd , 1J9, 83()-4 (1894). 

J!» Su*k1. K., Elrktrotcah. Z., 34, 1317-8 

(1913). 

40(laiHor, C., Gor, Pat. 346,771 (1922). 

41 Kldoal, E. K., and Evans, U. R., Trans. 
Faraday 80 c., 17, 40C-84 (1921). 

4-j Hofmann, K. A., Ber., 50, 1456-63 (1923). 
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Foerster studied a hydrogen-chlorine cell 
with a platinum anode and carbon cathode, 
using dilute hydrochloric acid as the elec¬ 
trolyte. Currents up to 1 ampere per 
square decimeter could be obtained with 
little polarization. Polarization at the hy¬ 
drogen electrode was the limiting factor 
determining the current density. Carbon 
was found unsatisfactory as a carrier for 
the platinum black. Schmid studied the 
impregnation of porous carbon with plati¬ 
num. Hydrogen was introduced from the 
inside of the porous structure and bubbled 
out through the pores. Such Diffusiongas- 
elektrode showed satisfactory behavior up 
to current densities as high as 2 amperes 
per square decimeter and represented a 
very definite advance. Biihrer and Regens- 
burger^® studied the action of porous car¬ 
bon electrodes impregnated with rare met¬ 
als. Waldburger^® has investigated the 
poisoning of platinized carbon electrodes. 
Tobler*^ studied the behavior of nickel, 
platinized nickel, iron, platinized iron, plat¬ 
inized graphite, and platinized platinum. 
Only the electrodes containing platinum 
functioned, and they did not yield constant 
results over any considerable time unless 
great care was taken to purify the hydro¬ 
gen. Platinized graphite electrodes could 
be operated at 0.7 ampere per square deci¬ 
meter with 0.1 volt polarization. 

The gas cells discussed in the preceding 
paragraphs utilized hydrogen as a fuel and 
operated at room temperature. Even less 
success has attended the efforts of investi¬ 
gators to activate carbon monoxide. Wi- 

43 Foorster, F., Z. Elektroohem., 28* 64-79 
(1023). 

44 Schmid, A., Hclv. Chim. Acta, 7, S70-3 
(1924). 

45 BOhrer, C., dissertation, Basel, 1930. Re> 
gensburger, dissertation, Karlsruhe, 1929. 

46 Waldburger, E., dissertation, Basel, 1930. 

47 Tobler, J„ Z. Elektrochem., 38, 148--67 
(1983). 


nand,^® Borchers,^® and Hofmann and co¬ 
workers have constructed cells using cop¬ 
per anodes and carbon monoxide as the re- 
ductant. Except in the Hofmann cell, there 
is no evidence that the small electromotive 
force observed was actually due to the oxi¬ 
dation of carbon monoxide, and the Hof¬ 
mann cell polarized very easily. Acetylene 
and other gaseous hydrocarbons have been 
suggested as reductants in a fuel cell,®^ but 
no experimental data are available. 

Cells using sulfides and sulfurous acid 
have been proposed.®^ Reed,’® in his dis¬ 
cussion of the problem, suggested a cell 
operating on sulfur dioxide and hydrogen 
sulfide. 

The great difficulty of obtaining elec¬ 
tromotive activation of hydrogen, carbon 
monoxide, and other gaseous reaction prod¬ 
ucts of carbon at ordinary temperatures 
has been indicated in the preceding para¬ 
graphs. Naturally, reaction rates increase 
at elevated temperatures, and a large num¬ 
ber of cells have been proposed to operate 
in the 500 to 1,000° C range. The earlier 
of these cells used antimony, tin, or lead 
anodes with hydrogen, carbon monoxide, or 
illuminating gas and molten oxides or salts 
as electrolyte.®®' ®^ Cells with copper an¬ 
odes, using carbon monoxide or gaseous hy- 

48 Winand, P., Elektrotech. Z., 1C, 35-6 

(1895). 

49 Borchers, W., Chem. Ind., 17, 502-5 (1894). 

60 Hofmann, K. A., Ber., .*51, 1626-37 (1918), 

53, 914-21 (1920). Hofmann, K. A., and Wurth- 
mann, B., ibid., 62, 1185-94 (1919). 

51 Union ElektricltiltB GesellBChaft, Gor. Pat. 
142,227 (1902). 

52 Tourneur. H., Fr. Pat. 332,982 (1903). 

Basset, L., Brit. Pats. 16,905 (1906), 21,475 
(1907). 

58 D'Arsonval, A., Fr. Pat. 162,348 (1882). 
Atkinson, L. B., and Treharne, F. G., Brit. Pat. 
8.906 (1896) Dobell, J. L., Brit. Pat. 2,272 
(1897). Rawson, W. S., Brit. Pat. 24,570 
(1898). 

64Mugdan, M., Chem.-Ztg., 26, 1156 (1902). 
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drocarbons, have also been described.®*- 
Citovick's ceU was intended to serve as a 
secondary gas battery. 

"Cells with nickel or iron anodes, em¬ 
ploying carbon monoxide or hydrogen or 
mi^ttures of these gases, and using for elec¬ 
trolyte molten alkali carbonates with or 


Treadwell, anid Triimpler®® (Fig. 3), which 
used iron wire anodes in the form of clip¬ 
pings and granular magnetite cathodes con¬ 
fined in channels in a magnesium oxide 
block. The cathode was kept in the oxi¬ 
dized state by a current of air and the an¬ 
ode in the reduced state by hydrogen or 


Plugs of Iron Gauze 


/ 


Air or Hydrogen 


Porous Magnesia 


v//////////////y//^^^ 


Porcelain ^ \ 


Magnetite Granules or 
Iron Wire Clippings 


Iron Lead 
for Current 


Magnesia Electrode Tubes 



without additions of borates and/or hal¬ 
ides, have been studied by many investi¬ 
gators.®^- Outstanding in these in¬ 

vestigations are the studies of Baur and his 
coworkers which extend over many years. 
Typical of these is a cell described by Baur, 

Hoifmaiin, A. G., Ger. Pat 369,829 (1923). 
5« Hoffmann, F., Ger. Pat 437,009 (1926). 
Cltovlck, B. R., Brit Pat 303,027 (1929). 

t>7 Buoberer, A. H., Z. Elektrochcm , 8. 192-3 
(1896). 

!>» Haber, F., Z. anorg. Ghem., 51, 356-68 
(1900). Bputner, R., Z. Elcktrochem., 17, 91-3 
(1911). Baur, B., and Ehrenberg, H., ibid., 18, 
1002 (1912). See also p. 412 of ref. 23. 

69 Baur, B., Helv. Chim. Acta, 4, 325-33 
(1921) ; Ger. Pat 867,290 (1921). 
eo See p. 204 of ref. 26. 


carbon monoxide. The electrolyte con¬ 
sisted of a mixture of fused potassium and 
sodium carbonates which filled the capil¬ 
laries of the magnesium oxide and per¬ 
mitted conduction between the electrodes 
without wetting them. The operating tem¬ 
perature \vas 800 to 900“ C. It is difficult 
to estimate current densities in these cells, 
but they probably did not exceed 1.0 am¬ 
pere per square decimeter at 0.5 to 0.7 
volt. 

Greger®^ has described similar types of 
cells making use of granular or wire elec- 

01 Oreger, H. H., Proc. World Eng. Congr. 
Tokyo, 1929, 32, 195-205 (1931) ; Ger. Pat. 570,- 
600 (1988). 
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trodes packed into channels or cylindrical 
openings in a magnesium oxide block. The 
operating temperature was lower than that 
of Baur’s cells, 600® C, owing to the use of 
a special low-melting electrolyte, consisting 
of alkali and alkali-earth carbonates with 
alkali halides and barium chloride. Special 
advantages were claimed for cathodes con¬ 
sisting of chrome nickel steel granules or of 
artificial ferrites of the general structure 
MeO • Fe208, where Me may be copper, 
magnesium, zinc, or nickel, and where the 
ratio of MeO to Fe 203 may range from 0.5 
to 1.5. As in Baur\s cell, saturation of the 
magnesium oxide block with the fused elec¬ 
trolyte provides the conducting path be¬ 
tween the electrodes. Nearly theoretical 
voltages were obtained on open circuit, and 
the cell furnished 0.115 ampere at 0.8 volt. 
On the basis of the apparent sui^erficial 
area of the electrodes, this corresponded to 
a current density of about 0.2 ampere per 
square decimeter. 

Cells using platinum anodes and carbon 
monoxide or hydrogen have been employed 
for theoretical studies.®- ITa])er and co- 
workers devised small gas cells operating 
at elevated temperatures with glass or iK)r- 
celain electrolytes and using platinum elec¬ 
trodes and carbon monoxide as the fuel. 
Sjitisfactory theoretical values of electro¬ 
motive force were obtained for the reac¬ 
tions involved, but the cells polarized at 
low current densities. 

Because of the high rates of dffusion of 
hydrogen in palladium at elevated tem¬ 
peratures, cells with palladium anodes have 
been of special interest.®'*’ Koenig used 
a U-shaped, thin-walled, tubular electrode 
of palladium immersed in a mixture of 

62 Haber, F., aiul Moser, A., FAektrovhvm , 
11. 593-609 (1905). 

63Bentner, K„ ihid., 17. 91-3 (1911). 

64 Koenig, A., Siehert Festschr., 1931, 179-92; 
Chcm. Ahs., 2«, 4259 (1932). 


fused potassium and sodium nitrites. Hy¬ 
drogen gas passed by diffusion from the 
inside of the electrode to the electrode¬ 
electrolyte interface. Operating at 250“ C, 
the open-circuit voltage was 0.75, and at a 
current density of 0.7 ampere per square 
decimeter the electromotive force was con¬ 
stant at 0.5 volt. 

Even at elevated temperatures all inves¬ 
tigators working with gaseous fuels have 
encountered the problem of getting satis¬ 
factory reaction rates between the gas and 
the electrode at the electrolyte-electrode 
interface. In attempts to obviate this dif¬ 
ficulty, electrode areas have been greatly 
increased by the use of special mechanical 
designs or of finely divided, porous, or 
granular electrode materials. Diffusion 
through a thin-walled metal electrode ap¬ 
pears sound theoretically, but as yet no 
one has demonstrated a sufficiently high 
rate of diffusion and activation. 

Since the time of Grove it has been es¬ 
tablished that at ordinary pressures activa¬ 
tion takes place only at dry solid surfaces, 
owing, no doubt, to the general tendency 
of liquids to disi)lace adsorbed gases from 
the activating surface. Baur described a 
juoposal to solve the problem by discon¬ 
tinuous oi)eration. The dry electrode was 
allowed to react with the gas and then im¬ 
mersed ill the electrolyte, the power was 
withdrawn, and the polarized electrode 
was removed, dried, and reactivated, and 
so forth. Mond and Langer attempted 
to avoid the difficulty by retaining the 
electrolyte in a iiorous block but encoun¬ 
tered serious concentration polarization. 
Schmid used a so-called Diffusiorigaselek- 
trode, where the gas is introduced from 
the inside of a porous structure and where 
through regulation of the gas pressure the 
entrance of the electrolyte into the pores of 

66 Spe Baiir, E., and Tobler, .T., p. 173 of ref. 1. 
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the electrode is hindered. Baur pointed 
out, however, that it has been shown that, 
finally, wetting and inactivation take place 
even with this construction. The use of 
an electrolyte in gelatinized form or of a 


special carbon containing pores which are 
impermeable to liquid molecules but are 
still readily permeable to gases. 

An interesting contribution toward the 
solution of the problem has been made by 


^Alr 



Fi(! 4 Buur’s cell with Bolhl eloctrolyto.'''’ 


gelatinous electrolyte layer over the elec¬ 
trode has likewise been suggested. As 
would be expected, concentration polariza¬ 
tion ih also very severe with such construc¬ 
tions A layer of material such as paraffin, 
zinc soaps, resins, or lacquers over the elec¬ 
trode to permit the passage of gases and 
ions, but not of liquid molecules, has been 
proposed.®® Jungner ®^ recommended a 

66 See Baur, E., and Tobler, J., p. 174 of ref. 1. 


Baur and coworkers.®®* ®®' Baur jiro- 
posed to avoid the difficulties of wetting 
by the use of a cell operating at high tem¬ 
peratures with a solid electrolyte. Such 

CTjiinpner, E. W., Ger. Puts. 199,260 (1908), 
200,108 and 206,27.3 (1909). 

«8 Buur, E., and Brunner, K,, Z. Elektrochem., 
43, 725-7 (1937). 

(>o Baur, E., and Preis, H., ibid., 43, 727-32 

(19.37) . 

70 Baur, E., and Preis, H., ibid., 44, 695-8 

(19.38) . 
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electrolytically conducting solid mixtures 
of 85 percent zirconium oxide and 15 per¬ 
cent yttrium oxide have been used hereto¬ 
fore in the Nernst lampJ^ The properties 
of a large number of mixtures of this type 
have been studied by Baur, who recom¬ 
mended a composition of clay, rare-earth 
oxides from the ignition of monazite sand, 
and tungsten trioxide. The resistance of 
small tubes of 1-millimeter wall thickness 


difficulties. Commercial solid fuels cannot 
be employed because of accumulation of 
ash, and hence expensive gaseous fuels are 
required. Also, the tubes of solid electro¬ 
lyte would appear to be both expensive 
and fragile. The high operating tempera¬ 
ture of 1,100® C would entail large heat 
losses as well as difficult maintenance. 
From the original cell, the output was es¬ 
timated to be 10 watts per liter of vol- 



formed from this composition was said to 
be 2 ohms per 20 square centimeters of 
conducting area at 1,100® C. A cell using 
such a solid electrolyte is shown in Fig, 4. 
Measurements on five such cells in series 
showed an open-circuit voltage of 0.7 volt 
per cell compared with the theoretical 
value of 1.0. The behavior under load is 
illustrated by the curve of Fig, 5, where 
current is plotted as a function of time and 
the terminal voltage of the five cells in 
series is indicated for each load. Baur^^ 
claimed that the cell is free from polariza¬ 
tion almost to short circuit and that the 
cell at any given load quickly assumes a 
steady state. 

Although Baur’s cells with a solid elec¬ 
trolyte represent an interesting theoretical 
advance, there are many obvious practical 

71 Nernst, W., ibid., 6, 41-3 (1809). 

72 See p. 698 of ref. 70, 


ume.®® A larger cell, however, showed 
only 0.6 to 0.77 watt per liter.^® 

CELLS OPERATING ON DISSOLVED REACTION 
PRODUCTS 

In cells of this type the chemical reduc¬ 
ing action may take place either in the 
anode compartment of the cell or in a 
separate operation. In either event the 
electrical energy is produced by electrical 
oxidation of the reduction product. It has 
often been proposed to use salts of metals 
of variable valence which are alternately 
reduced chemically by carbon or a reduc¬ 
ing gas and oxidized in the cell to furnish 
electrical energy. Examples of such cells 
are those oxidizing sulfurous to sulfuric 
acid,’®' hydrogen iodide to iodine,’*' cu- 

78 Jungner, E. W., Ger. Pat. 199,250 (1908). 

74 Taitelbauxn, I., Z. Elektrochem., 10, 290-300 
(1910), Baur, E., ibid., 16, 300-302 (1910). 
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prous to cupric salts,cerous to ceric 
salts,ferrous to ferric salts,and those 
employing thallium and vanadium com¬ 
pounds,^® titanium, thallium, and cerium 
compounds.*® Glasses containing variable- 
valence metallic oxides, such as those of 
manganese, uranium, vanadium, cerium, 
and chromium, have also been investi¬ 
gated.®^ 

Though all these cells have eliminated, to 
a certain degree, the problem of the slug¬ 
gish kinetic behavior of carbon or the re¬ 
ducing gases produced therefrom, none has 
a sufficiently high reaction rate to permit 
the withdrawal of energy at commercially 
significant current densities, and, further¬ 
more, in many cases the higher reaction 
rate has been obtained only at the expense 
of a large fraction of the free energy 
change available in the oxidation of carbon. 

CELLS OPERATING ON SOLID REACTION 
PRODUCTS OF CARBON 

It was proposed very early, in order to 
avoid the problems in connection with car¬ 
bon or gas electrodes, that readily ionizable 
metal electrodes be prepared by chemical 
reduction with carbon and that the oxi¬ 
dized metal compound from the cell reac¬ 
tion be again reduced to the metallic form, 
and so forth. Faure proposed such a cell 
using an iron anode and aqueous sodium 
chloride electrolyte. After the cell reaction 
had taken place the iron was precipitated 
as carbonate, separated by filtration, and 

rn SiemonR-Schuckertwerke, Ger. Pat. 284,821 
(1915). 

reTatlow, W., Electrician, 84. 344 (1804-5). 

7T Welsbaeh, Auer von, Chem. Z., 1, 690 
(1802). Baur, E., and Glaossner, A., Z. Elektro- 
vhem., tt, 534-9 (1903). 

TSKeyzer, H. J., Brit. Pat. 3,913 (1904). 

79 See pp. 294-5 of ref. 17. 

80 Nernst, W., Ger. Pats. 264,026, and 265,424 
(1913). 

81 See p. 476 of ref. 41. 

82Paure, C. A., Ger. Pat. 67,316 (1891). 


reduced again to metallic iron. Analogous 
reaction schemes have been proposed for 
lead, tin, cadmium, and antimony.** Sub¬ 
sequently Rideal and Evans ** studied sim¬ 
ilar cells using lead anodes in an alkaline 
electrolyte and tin in an acid one, better 
results being obtained with the second. 
Reed,** in his excellent critical analysis of 
the problem, pointed out the low efficiency, 
about 2 percent, to be expected from such 
a cell burning zinc as a fuel. Cells using 
sodium as the “fuel” electrode have also 
been described.** In a cell operating on 
iron, the reduction of ferric iron to the me¬ 
tallic state will require 77 grams of coal per 
gram atom of iron, if the reduction is car¬ 
ried out in a blast furnace,*^ and this gram 
atom of iron will furnish 0.1 kilowatt-hour 
if oxidized to ferric oxide at 100 percent 
efficiency in an iron-oxygen cell** operat¬ 
ing at 25® C, but this same weight of coal 
would produce 0.12 kilowatt-hour in a high- 
pressure steam plant.®^ Not only do many 
examples of this type of fuel cell suffer 
from large free energy losses, in prepara¬ 
tion of the “fuel,” but also the actual cost 
of the reduction process itself may be con¬ 
siderable. 

Air Electrodes 

For the operation of a fuel cell the cath¬ 
ode reactions are of equal importance to 
those taking place at the anode, and, al¬ 
though some of the cathode reactions have 
been discussed in earlier paragraphs, in 
connection with reactions of the complete 

83Jone, H., U. S. Pat. 764,696 (1904). 

84 S<*e p. 479 of ref. 41. 

85 See pp. 74-6 of ref. 16. 

8«Habioht. P. P., Brit. Pat. 143,632 (1920). 
Baur, E., Z. Elektrochem., 27, 194-9 (1921). 
Brandt, K., Ger. Pat. 408,436 (1925). 

87 Shore, P. M., and Bennit, H. L., Minerals 
Yearbook, Review of 19S7, U. S. Bur. Mines, p. 
788 (1938). 

88 (''hipman, J., and Murphy, D. W., Ind, Eng. 
Chem., 2S, 819-27 (1983). 
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cells, this phase of the problem is of suffi¬ 
cient importance to merit further empha¬ 
sis. The ideal cathode would be an elec¬ 
trode showing the theoretical potential of 
the oxygen electrode at an oxygen partial 
pressure corresponding to the oxygen con¬ 
tent of the air and functioning at a suffi¬ 
ciently high rate to permit the flow of 
useful amounts of current with relatively 
small polarization effects. The difficulties 
in the way of the attainment of this ideal 
cathode have been as great as or greater 
than those already discussed in connection 
with the anodic functioning of carbon or 
its reaction products. It has been stated 
that "the achievement of a fuel cell • • • 
has encountered its most serious difficulties 
at the oxygen electrode. Gaseous oxygen 
establishes its potential sluggishly and im¬ 
perfectly on inert electrodes at ordinary 
temperatures, even on open circuit, and an 
oxygen electrode on closed circuit polarizes 
at once if any appreciable current is with¬ 
drawn.” There is, however, some evidence 
that progress is being made. The investi¬ 
gations ill this field can be conveniently 
classified according to the type of electrode 
into: (a) noble metal, (b) base metal or 
oxide, (c) special carbon. 

In many instances the overall reaction 
rate may be increased by surrounding the 
cathode with a solution of an oxidizing 
agent prepared either directly in the cell 
or in a reaction outside of it. In analogy 
with the use of solutions of reducing agents 
at the anode, such oxidizing agents em¬ 
ployed at the cathode should exhibit a po¬ 
tential near that of the theoretical air elec¬ 
trode or the efficiency of the cell will suffer. 

NOBLE-METAL CATHODES 

The electromotive behavior of oxygen at 
the surface of a noble metal is even less 

89 Lamb, A. B., and Eldor, R. W., J. Am. 
Chem, 8oc., Bft, 137-63 (1931). 


satisfactory than that of hydrogen or car¬ 
bon monoxide. It is more difficult to reach 
the theoretical potentials, and those at¬ 
tained are less stable. Baur pointed out 
that the fatigue phenomena of oxygen elec¬ 
trodes of platinum militate more against 
their technical application than does cost. 

Many workers have used simple plati¬ 
num cathodes; ®®'' 

40,67, fti others, platinum upon a special 
support such as clay^- or porous car- 
bon.'^®'Palladium and 

gold have been less extensively em¬ 
ployed. With few exceptions, experiment¬ 
ers have made no attempt to determine 
the behavior of the cathode independently 
from that of the anode, so that no conclu¬ 
sions can be drawn, in most cases, as to 
the exact performance of the air elec¬ 
trodes. Naray-Szabo studied the cath¬ 
odic behavior of platinized porous carbon 
^^diffusion electrodes” of the type used by 
Schmid for hydrogen electrodes. The air 
electrode was combined with a large zinc 
anode in acid and alkaline electrolytes. 
This investigator has concluded that such 
electrodes are useful up to current densities 
of 4 to 5 amperes per square decimeter. 
Data given, however, show that the poten¬ 
tial of this air electrode fell from an open- 
circuit value of 0.fi()3 volt to 0.0751 volt at 
a current density of 1.0 ampere per square 
decimeter. These data were obtained in 
2N sulfuric acid at room temperature. 
Fifteen percent sodium hydroxide and 27 
percent ammonium chloride gave even less 
favorable results. 

BASE-METAL CATHODES 

Many workers have used cathodes of 

ironi2,i6.18.20,53,26,28,58, 59 and of nick- 

90 Baur, K., nnd Tobler, J., p. 177 of rof. 1. 

91 Naray-Szabo, Stefan v., Z. Elektrochem., 33, 
15-20 (1927). 
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qI 23, 28 , 61 ,92 theif oxidcs, especially at 
elevated temperatures. Silver cathodes 
were first used at normal temperatures 
in cells with aqueous electrolytes and 
later at elevated temperatures 

with fused electrolytes. Copper or copper 
oxide cathodes have been used ao. 47,- 
•"»». over a wide temperature range. The 
results of Baur and Ehrenberg with the 
molten silver cathode and of Baur, Tread¬ 
well, and Triimpler with magnetite cath- 
ode.s have been outstanding. Baur, Peter¬ 
sen, and riillemann measured the po¬ 
tentials of cells composed of various metal 
oxides and showed that these are in the 
same order as the ectuilibrium oxygen jiar- 
tial jiressiires of the oxides. 

Antimony‘s- and mercuric oxides were 
used in two early colls. Baur*’'* studied 
the action of a mixed oxide depolarizer, 
“llopcalite,” in a dry cell. It showed 
somewhat lower initiid iiotentials but main¬ 
tained the potential better under load. 

CARBON CATHODES 

Many of the earlier ceIl^ oiierating both 
with aqueous electrolytes and with fused 
sil(> at elevated temperatures emjiloyed 
carbon cathodes."^' It is only 

comparatively recently, however, that the 
sjiecdic activating properties of carbon 
surfaces for oxygen have been recognized. 
Although such electrodes do not at iiresent 
gi\e iironiisc of sutticiently high reaction 
rail's to function as cathodes in a “fuel 
cell,” they have .already found apiilication 
for cells of limitcal current demands. 

Fery’s cell depends upon the activat¬ 
ing properties of a special porous-carbon 
cathode for depolarization. In this cell, 

^‘2 Goto, G., Phil. Mag., 27, 446-51 (1864). 

93 Baur, E., Z. Elektrochem., 30. 410-4 (1930). 

94 Fery, C., La Nature, 90, 224 (1918); also 
iloMprlbod in a news item in Jnd. Eng. (Jhem., 
10. T44 (1918). 


the manganese dioxide is dispensed with 
and depolarization is effected by oxygen 
from the air, activated at the surface of a 
large porous-carbon electrode. The capac¬ 
ity of cells with air depolarization is stated 
to be approximately 20 ampere-hours per 
pound, the electromotive force on open cir¬ 
cuit, 1.18 volts. 

Nasarischwily made a study of air de¬ 
polarization and found that the maximum 
current which could be drawn without ex¬ 
cessive polarization was apjiroximately 0.03 
ampere per sipiare decimeter of superficial 
carbon area. 

Ileise and Schumacher have described 
an air depolarized cell for commercial use. 
The air electrode is said <o be nongraphitic 
carbon with powdered charcoal as one of 
the principal constituents. It must be suf¬ 
ficiently porous to permit adecjuatc access 
of air, and yet the pore size must be small 
enough to offer resistance to electrolyte 
jienetration. Normal reaction rates of 0.5 
am])ere per scjuare decimeter may be main¬ 
tained merely by contact with the air. By 
forcing air through the electrode the rate 
may be increased many fold. The absorj)- 
tioii is about theoretical, 0.3 gram of oxy¬ 
gen ])er am])ere-hour under normal ojierat- 
mg conditions. Because of adsorbed oxy¬ 
gen, the electrode continues to function for 
some time after the air siqiply is inter- 
ruj)ted. It is essential that the electrode 
remain substantially dry, except at the 
electrode-electrolyte interface, and this is 
accomiihshed by controlled impregnation 
with paraffin. The potential of the carbon 
cathode is normally a few tenths of a volt 
below that of a reversible oxygen electrode 
and hence, like that of the platinum black- 

Nawarisdiwily, A., Z. Elektrochem., 29, 320-3 
(1923). 

»6 Hflso, G. W., and Scliuinarhcr, E. A., Trans. 
EUvtrochtm. tSuc., 02, 383-91 (1032). 
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oxygen electrode, may be considered as due 
to oxide complexes which serve as the de¬ 
polarizer, 

REACTION PRODUCTS OP OXYGEN 

Some of these oxidizing agents can be 
prepared simply by the direct action of 
oxygen, but others would have to be made 
in a complicated series of reactions outside 
of the cell and hence represent a very ex¬ 
pensive form of oxidant for reaction with 
the ^^fuel/^ 

Halogens such as chlorine and bromine 
represent a satisfactory type of cathodic 
depolarizer and have been used by many 
workers. Schmid has shown, for ex¬ 
ample, that chlorine is readily activated at 
carbon surfaces. It has been proposed®^ 
to prepare the chlorine by the action of 
air on chlorides in the presence of copper 
salts, the Deacon process. The chlorides 
would be recovered from the cell so that 
the process, theoretically, would be cyclical. 
Such a cycle would be too expensive to have 
any bearing on the fuel-cell problem. 

Several cells operating with fused electro¬ 
lytes have used compounds of 

variable-valence amphoteric elements such 
as manganese, and many of the early cells 
probably depended partly on the presence 
of manganates as an impurity in the fused 
alkali. 

Winand,^" Borchers,^® and Lamb and 
Elder®® used copper salts either alone or 
in admixture with oxidizing agents. 

Ferric salts have been used by Zettel®® 
and by Lamb and Elder.®® 

Case®® used potassium chlorate; Hof¬ 
mann and Ritter,sodium hypochlorite; 
and Siemans-Schuckert,^"’ nitric acid. 

Lamb and Elder ®® pointed out that there 

97Nern8t, W., Ger. Pat. 269,241 (1913). For 
a brief dIscuBHion see p. 180 of ref. 1. 

98 Zettel, T., Z. Elektrochem., 2, 643-5 (1896). 

99 Case, W. B., see p. 170 of ref. 1. 


are combinations such as the thallous-thal- 
lic and vanadyl-vanadic which give poten¬ 
tials close to the value for the oxygen elec¬ 
trode but react with oxygen too slowly to 
be of value; other combinations such as 
the vanadous-vanadic and the chromous-* 
chromic react rapidly with oxygen but fur¬ 
nish too low a potential. They stated that 
the ferrous-ferric system appears to be one 
of the most favorable, yielding a fairly high 
potential and reacting at a measurable rate 
with oxygen. These workers made a de¬ 
tailed study of the kinetics of the oxidation 
of ferrous salts with oxygen. Agitation, the 
addition of copper salts, platinum black, 
and activated carbon were all found to 
have a beneficial effect on the rate. Solu¬ 
tions of ferrous salts containing pyrophos¬ 
phate were found to oxidize 1,000 fold 
faster but showed a much lower potential. 
Direct measurements in a cell of the de¬ 
polarizing activity of ferrous sulfate solu¬ 
tions containing copper salts and activated 
carbon showed that higher current densities 
could be employed with less polarization 
than with any other oxygen electrode oper¬ 
ating at room temperatures which has yet 
been described. The potential decreased 
only from an open-circuit value of 0.659 to 
0.606 volt at 2.15 amperes per square deci¬ 
meter. Such an electrode, if combined with 
a hydrogen electrode, would furnish, it was 
e.stimated, 0.94 kilowatt per cubic meter of 
electrolyte. 

Economics 

With few exceptions the cells which have 
been described in the previous pages have 
operated on special and expensive types of 
fuels, and, as has been pointed out in sev¬ 
eral instances, the added cost of the raw 
material for the production of the energy 
more than compensates for any possible 
advantages due to the increased efficiency 
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of the process. A power plant burning a 
13,000-Btu coal costing $3.00 per ton is 
obtaining its raw material for electrical 
energy at 0.04 cent per kilowatt-hour. Hy¬ 
drogen at 3.2 cents per 1,000 cubic feet, 
carbon monoxide at 3.8 cents, methane at 
10.6 cents, and coke-oven gas at 7 cents 
would be comparable fuels.^^^® If the fuel 
cell can be made to operate at two to 
three times the efficiency of the thermal- 
mechanical cycle, such a plant could afford 
to pay, for a gaseous fuel, two to threefold 
the above prices, other cost itetas being 
equal. 

No cell has yet been operated, even in 
the laboratory, on the lowest-cost fuel, 
bituminous coal. There are numerous ob¬ 
vious difficulties. Coal, when acting as a 
reducing agent at temperatures below 
100° C, is oxidized incompletely with the 
formation of a whole series of complex 
organic acids such as humic acids and 
those of the benzene carboxylic series (see 
Chapter 9). Some of this last group are 
especially difficult to oxidize further, so 
that the full amount of energy correspond¬ 
ing to complete oxidation of the coal to 
carbon dioxide and water cannot be ob¬ 
tained. Operations at temperatures higher 
than 100° C necessitate either the use of a 
pressure cell or an electrolyte having a low 
vapor pressure at elevated temperatures, 
such as a fused salt. The use of coal as a 
reducing agent at temperatures above 350 
to 400° C would be complicated by thermal 
decomposition of the fuel and the libera¬ 
tion of gases and tars in the cell. Finally, 
all coals contain inorganic constituents, the 
ash, in greater or less amounts, and this 

100 Calculated at 1 atmosphere and 15.5“ C 
(00“F). Coke-oven gas Is assumed to be 600 
Btu. 


material would accumulate in the electro¬ 
lyte and require its periodic purification or 
replacement. 

The use of coke in a fuel cell would elimi¬ 
nate some of the difficulties pointed out 
above in connection with coal but would be 
less desirable in several other ways; the 
original cost of the energy would be 50 to 
100 percent higher; coke has a lower re¬ 
activity, and hence the cell would have to 
operate at a higher temperature and the 
ash problem would be aggravated since the 
ash content of coke is necessarily higher 
than that of the coal from which it is 
prepared. 

By the use of gaseous fuels in a cell 
many of the objections raised in connection 
with the solid fuels would be eliminated. 
They are free from ash, and gases such as 
hydrogen and carbon monoxide are effective 
reducing agents at moderate temperatures. 
Methane is much less reactive, of course, 
and would require operation of the cell at 
elevated temperatures. There remains for 
all these gaseous fuels the inherent diffi¬ 
culty of high cost per unit of energy. Con¬ 
ceivably, however, there are certain appli¬ 
cations where, if gaseous fuels were cheaply 
available and there were a demand for low- 
voltage direct current, a fuel cell could be 
economically justified. The plant would 
consist of a large number of comparatively 
small units of small energy output per unit 
of volume and probably high capital and 
maintenance costs. Since the only cells in 
which the technical problems have been 
even partially solved are those employing 
gaseous fuels, it is evident that large-scale 
application of the fuel cell is extremely 
doubtful until the cost of energy in the 
form of such gaseous fuels has been signifi¬ 
cantly reduced. 
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PRODUCERS AND PRODUCER GAS 

B. J. C. VAN DER HoEVEN 

General Superintendent, Koppera Company, Pittalurgh, Pennsylvania 

The producer process is a method for fuels. Furthermore, iirodiiccr gas as an 

complete gasification of solid fuels. In the intermediary in converting solid fuels to 

producer process the fuel is primarily power directly by means of combustion 

heated up by the hot gases made, thereby engines has almost become obsolete in the 

losing its volatile matter. The coke residue United States with the development of 

remaining after this carbonization process small Diesel engine units and cheap hydro- 

is gasified by conversion to products of in- electric power. Increased utilization of 

complete combustion, principally carbon blast-furnace gas and coke-oven gas for 

monoxide. heating purposes in steel mills has greatly 

The producer process is a continuous one. contributed to the decreased use of pro- 
The nature of the gas made is subject to ducers. 

considerable variation, depending on the There has taken place abroad a revival 
type of producer. Whereas in former years of the producer-type process for two pur- 

producer gas meant a fuel gas of relatively poses: one, as previously mentioned, serves 

low heating value, 110 to 160 Btu per to manufacture special gases from cheap 

cubic foot, the technique of making it has solid fuels; and the other, to supply ])ower 

been changed with the use of o.xygen in- for automotive engines. h]ven though these 

ste.'id of air blast to give a gas of he.ating two processes do not seem directly a])pli- 

value approaching that of coal-distillation cable to the United States because of eco- 

gases, 400 to fitX) Btu per cui)ic foot. Such nomic reasons their develojanent has showui 

gases are no longer devoted exclusively to that the producer i)rocevSs has great tlexi- 

heating purposes but serve a useful role in bility and their study stimulates thought 

chemical synthesis. Owing to economic of new applications. A great deal of chem- 

conditions, most of these developments ical as well as mechanical ingenuity has 

have taken place abroad rather than in the been exhibited in some of this work; the 

United States. capacity of gas i)roduction has been raised 

The price of fuel is the principal item in to values many times those of the well- 

the cost of making of ordinary producer established older types of apparatus, 

gas, and as a result producers are prin- The mechanical coal, or coke, producer 
cipally used for gasification of the cheaper was developed in the United States to a 
solid fuels. The popularity of jiroducers considerable degree of perfection and the 
has decreased since about 1930 with the capacity raised to a figure unheard of in 
development of efficient stokers for cheap the days of stationary, hand-fed machines. 
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Dickerman ^ of the Federal Trade Commis¬ 
sion has stated in 1936 that there were in¬ 
stalled about 3,800 mechanical and about 
l,tX)0 hand-fed producers in the United 
States, about 2,000 mechanical and 600 
hand-fed machines being in continuous or 
periodic use. Whereas the mechanical pro¬ 
ducers gasified on the average 2,000 jiounds 
of coal per hour, making 65 cubic feet of 
gas of 148 Btu per cubic foot per pound of 
coal, the hand-fed machines gasified only 
()00 pounds of coal per hour to give 65 
cubic feet of 140 Btu gas per pound of 
coal. 

The iiiaximuni capacity of a conventional 
mechanical coal producer is somewhere near 
S,( 0 ) ])Oun(ls of coal per hour, or about 
1(X) ])ounds per hour })cr square foot cross- 
sectional area. For comparison, a modern 
Winkler ])rodiicer will gasify as niueh as 
() 2 ,() 0 () pounds of dry lignite per hour, or 
apiiroximately 480 pounds ])cr hour per 
scpiare foot, and a throughput of as high 
a^ 7(X) jxninds per hour per s(]uare foot is 
claimed in the Philipon slagging producer. 
The Winkler producer is capable further¬ 
more of making a gas with a heating value 
^erv (‘lose to 300 Btu jicr cubic foot. Such 
(l(welo])nients cannot be ignored. 

On the theoretical side there seem to be 
signs of a somewhat revolutionary change 
in conception of the fundamental jirocesses 
going on inside a producer. Conventional 
theory holds that carbon dioxide is pri¬ 
marily formed from the carbonaceous fuel 
and carbon monoxide is subsequently pro¬ 
duced by a reduction process. Newer the¬ 
ories claim that carbon monoxide appears 
as a primary jiroduct of incomplete com¬ 
bustion and furnish an explanation of the 
possibility of attaining extremely fast oper¬ 
ating rates. 

3 Dickerman, ,T. C., Trans. World Power Conf., 
3rd Conf. Washington, 19S6, 4. 491-642 (1938). 


Fundamental Gas Reactions 

THERMODYNAMIC DATA 

The set of eight gas reactions listed in 
Table I is fundamental in the study of the 
combustion of carbonaceous solid fuels as 
well as of the conversion of such fuels into 
gaseous fuel. The principal thermodynamic 
constants, molar change in enthalpy (AH“) 
and in free energy (AF*), of the reactions 
are included in Table I. The values given 
for A/f® and aF° are taken from the In- 
ternatiomil Critical Tables^ and are ex¬ 
pressed in gram calories per gram mole. A 
negative aH® value indicates a positive heat 
of reaction, and a negative AF® value re¬ 
sults ill a positive value for the exiiression, 


TABLE I 

Thermodynamic (Constants of Fundamental 
Gab Reactions 


No. 

Reaction 

AR*291«K 

AF‘’2»8.1*K 

1 


-94,390 

-94,260 

2 

Cjfr + ^ 2 ( 02 )* * 00|f 

-26,490 

-32,510 

3 

C^r + (C02), = 2C0^ 

4-41,410 

4-29,240 

4 

cog+im),=^{co2)g 

-67,900 

-61,750 

5 

(H2)« + >2(02)« = H20« 

-.57,830 

-.54,.507 

6 

fV + H20, = ro* + (H2)« 

4-31,340 

4-22,000 

7 

Cgr + ^HzOg = (COz)g 4- 2(H2)^ 

4-21,270 

+14,760 

8 

(rO2), + (H2)* = C0^ + H20,f 

4-10,070 

+7,240 


RT In Kp^ Kp being the reaction constant 
at constant pressure, computed in the CUS 7 
ternary manner. 

The standard state for carbon is graphite, 
it.s high-temperature form, while thp stand¬ 
ard state for the gaseous compounds is de¬ 
fined by the standard temperature indi¬ 
cated in degrees Kelvin and by atmospheric 
pressure. Reactions 1, 4, and 5 are the 
fundamental ones for calorimetric A//® de¬ 
terminations, and all others can be found 
therefrom. Reactions 3, 4, 5, and 8 are 
the fundamental ones for AF® determina¬ 
tions by equilibrium studies, and the others 

2 International Critical Tables, National Re- 
eearcli Council, McGraw-Hill Book Co., New 
York, 1929, 5, 176, 181-2, 7, 231-2, 243-4. 
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are derived from them. For conversion to 
Btu per pound mole, the H or F values 
should be multiplied by a factor 1.800. 

Later values of constants of the funda¬ 
mental reactions have been given by sev- 


ture, standard reference books on physical 
chemistry should be consulted.* 

Since all these reactions are reversible, 
information regarding the equilibrium con¬ 
stant Kp and its change with temperature 



•C 227 427 627 627 1027 1227 1427 1627 1827 2027 2227 

*F 440 800 1160 1520 1880 2240 2600 2960 3320 3720 4040 

Timperiture 


Fio. 1. Variation of log with temperature for react Iodh 1, 2, 6 , and 7. 


eral authors.® The accuracy of the prin¬ 
cipal values is 1 percent or better. For 
further data regarding these reactions and 
the changes of aH and aF with tempera- 

8 Rossini, F. D., J. Research Hatl. Bur. Stand¬ 
ards, 6, 1-^6, 87-49 (1931), 22, 407-14 (1989) ; 
J. Chem. Phys., 6, 569 (1938). Bryant, W. M. 
D., Ind. Eng. Chem., 28, 1019-24 (1981). Kas¬ 
sel, L. S.. J. Am. Chem. 8oc., 50, 1838-42 
(1984). Terebesi, L.. Helv. Chim. Acta, 17, 
819-87 (1984). Meyer, O., and Scheffer, F. £. 
C., Reo. trav. cMm., 57, 604-8 (1988). 


is of interest. Figures 1 and 2 show the 
relations between log Kp and T. All data 
thus obtained are those of equilibrium mix¬ 
tures, and, more often than not, these 
values are not attained in actual gases at 
the temperatures used in practice. The 

4 Lewis, Q. N., and Randall, M., Thermo¬ 
dynamics, McGraw-Hill Book Co., New York, 
1923, 663 pp. Taylor, H. S., A Treatise on 
Physical Chemistry, D. Van Nostrand Co., New 
York, 1925, 2 vols., 1823 pp. 
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rate of approach of the reactions to equi¬ 
librium is the subject of the study of their 
kinetics and can be influenced by various 
factors such as surface effects and catalysts. 
Since the equilibrium constants of reactions 
3, 6, 7, and 8 are measurable in the tem- 


These reactions, which are among the 
most common ones in physical chemistry, 
have been studied nearly incessantly. Since 
they represent the process of carbon com¬ 
bustion, study of their mechanism is bf 
great importance. (See also Chapters 24 
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perature range of common producer prac¬ 
tice, these equilibria are of primary signifi¬ 
cance for the present study. In most equi¬ 
libria determinations graphite is assumed 
to be the form of carbon present at the 
high temperatures usually employed. With 
other forms of carbon, equilibria might 
conceivably be shifted slightly, but such 
influence is more likely to affect reaction 
rates rather than final equilibria. 

KINETIC DATA 

(1) C -f- 02 = CO 2 

(2) CO 


and 33.) In 1913 Rhead and Wheeler® 
assumed that in the reaction of carbon with 
oxygen neither reaction 1 nor 2 actually 
took place but that an intermediary solid 
product Ca;Oy was first formed and subse¬ 
quently decomposed to a mixture of carbon 
monoxide and carbon dioxide. The ratio of 
monoxide to dioxide in the evolved mixture 
depended on temperature. Several other 
authors® have pursued the study of the 

B Rhead, T. F. E., and Wheeler, R. V., J. 
Chem. 8oc., 101. 846-56 (1912), 103. 461-89 
(1913). 

6 Langmuir, I., J. Am. Chem. Roc.. 87. 1189- 
67 (1915). SihTonen, V., Z. Elehtroohem., 86* 
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mechanism of carbon combustion and of 
the structure of the possible intermediary 
solid compounds of oxygen and graphite 
often at low pressures to prevent secondary 
reactions. An able review of the organo- 
chemical work in the theory of combustion 
of carbon was given by Riley ^ and later by 
Strickland-Constable,® as well as by Bang- 
ham and Bennett® and Lambert.'® This 
work leaves wide open the question 
whether the monoxide or the dioxide is the 
primary product of carbon combtistion. 
Determinations of useful reaction rates are 
not included in any of this work. 

Burke and Schumann" worked out an 
interesting theory of combustion of carbon 
in which it was assumed that, in an at¬ 
mosphere containing oxygen, the carbon 
particles surround themselves with a film 
of high carbon dioxide concentration, the 
carbon dioxide diffusing outwardly against 
the incoming oxygen and also inwardly to¬ 
wards the carbon, being there reduced to 
the monoxide. The overall result is the 
reaction on the carbon surface of C -f 
CO 2 = 2CO, in the surrounding film of 
2CO -f- Oo = 2 CO 2 . Experiments by Du- 
binskyand by Mayersseem to contra¬ 
dict Burke’s hypothesis. 

Outstanding fundamental research on 

80C~7 (1930), 40, 45G-60 (1934) ; Trans. Fara¬ 
day l^oc, 34, 10G2 (1938). Boernch, II, and 
Meyer, L., Z. phyaik. Chem., B20, 59-64 (1935) ; 
Trans. Faraday Sue., 34, 105G (1938). 

r Riley, H. L., J. Inst. Fuel, 10. 149-56 
(1937). 

8 Strickland-Conatable, R. F., Fuel, 19, 89-93 
(1940). 

9 Bangliam, D. H., and Bennett, J. G, ibid, 
19. 95-101 (1940). 

10 Lambert, J. D., Trans. Faraday Soc., 32, 
452-62, 1584-91 (1936). 

11 Burke, S. P., and Schumann, T. B. W., Ind. 
Eng Chem., 23. 406-13 (1931) ; Proc. Srd In¬ 
tern, Conf. Bituminous Goal, 2, 485-509 (1931). 

12 Diiblnsky, S. M., M. S. theslH, MasH. Inat. 
Technology, 1932. 

18 Mayera, M. A., J. Am. Chem. Soc., 50, 70-6 
(1884). 


carbon combustion has been done by Hot- 
tel and coworkersfollowing up earlier 
investigations of Smith and Gudmundsen.'® 
Graphite spheres of 1-inch diameter were 
burnt in oxygen, carbon dioxide, or steam 
atmospheres at temperatures up to 1,350° C, 
using gas velocities ranging from 3.5 to 50 
centimeters per second (0.1 to 1.6 feet per 
second). Their curves of log K, the reac¬ 
tion constant, versus T, temperature, at 
different gas velocities had two distinct 
trends. At low temperatures the rise was 
steep, indicating that chemical resistance 
controlled the reaction rate; at high tem¬ 
peratures the diffusion of gas to and from 
the carbon surface controlled the rate and 
thus the rate depended less on temperature 
and more on gas velocity. The tempera¬ 
ture at which the curves changed lay be¬ 
tween 1,000 and 1,100° K (1,340 and 
1,520° F). The increase in reaction rate 
with temperature below 1,000° K followed 
fairly well from values of activation heat 
A, calculated from the Arrhenius equation, 
of 20,000 to 30,000 calories per mole of 
oxygen, such as determined by Meyer.'® 
In the range controlled by chemical resLt- 
ance the combustion rate doubled for every 
15° C at 1,050° K; in the range controlled 
by diffusion the rale varied as the 0.6 to 
1.1 power of the absolute temperature and 
as the 0 4 to 0 7 power of the mass velocity. 
In the diffiLsion-controlled ranges, it was 
assumed that carbon dioxide was iormed at 
the caibon surface, diffusing through the 
inert nitrogen la>cr outward from the car¬ 
bon and the oxygen diffusing in the reverse 
direction toward the carbon surface. 

14 Tu, C. M., Davis, H., and Hottel, H. C., 
Ind Eng Chem, 26, 749-56 (1934). Davis, H, 
and Hottfl, H. C., ibid., 26, 889-92 (1934). 
1‘arkf‘r, A. S , and Hottel. 11. C., ibid., 28. 1334- 
41 (1936). 

15 Smith, D. F., and Gudmundsen, A., ibid, 
23. 277-85 (1931). 

16 Meyer, L., Z. physik. Chem., BIT, 385-404 
(1932) ; Z. Elektrochem., 9, 640-1 (1934). 
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Later experiments published in 1936 with 
somewhat higher gas velocities showed for 
the combustion of carlwn in air that the 
])orceTitage of oxygen at the carbon surface 
(1/2 millimeter distance) dropped from 20 
])ercent at 1,000® K to 2 percent at 1,350® K 
for 150 centimeters per second (5 feet per 
second) air velocity of approach and from 
]7 to 0.6 percent for 3 centimeters per 
second (0.1 foot per second) air velocity 
of a])proach. The reaction rate IQ^K 
(grams carbon per square centimeter car¬ 
bon surface i)er second) taj^ered off to 0.5 
for 150 centimeters jier second velocity and 
to 0.12 for 3 centimeters per second velocity 
at temperatures above 1,500® (Fig. 3). 
Little carbon monoxide was formed at the 
surface, and K was projiortional to the 0.37 
jiower of mass velocity. The value for ac¬ 
tivation heat derived from the later experi¬ 
ments was 44,000 calories. 

In all Ilottebs work, brush carbon 
(graphite) was used having 0.17 percent 
by weight of ash. A comiilcte ecpiation 
was given by Hot tel and Parker expressing 
the rate of reaction in known physical fac- 
tois and certfiin constants and covering 
both ranges of coralmstion. 

The studies of the authors so far men¬ 
tioned lucve be(m concerned iirincipally 
\Mth the mechanism and the rate of the 
reaction of carbon with oxygen, carried out 
on a model scale in order to simjilify the 
assumptions for the calculation of the ex- 
licrimental results. The greater part of 
the work on the combustion of carbon has 
heeii carried out in somewhat different 
manner, viz., by passing an air current 
through a bed of fuel consisting of irregu¬ 
lar particles of different nature and size, 
such as pulverized coke. If such tests arc 
conducted with fuel beds only a few inches 
thick, the results are especially significant 
lor combustion-rate determinations; if the 
fuel beds are thicker, of the order of 6 to 


24 inches, results are significant for pro¬ 
ducer reaction determinations. Tests of 
this type are also generally employed for 
the determination of the factor of “reactiv- 
ity'’ of the fuel, and this factor influences 
the combustion and producer reactions. 

Reaction rates, the mathematics and 
lihysics of combustion in fuel-beds, the de- 



Fi(.. a Kfl>ct of lomporatliro und ambloiit 
air voloril.v on oombuhtion rat<'. Aflor Park«*<* 
and lIoKol.i* 


terminal ion of ignition temperatures, etc*, 
are dealt with in a number of iiapers by 
Mayers and coworkers 

Using different samples of 40- to 60-mesh 
pulverized coke in a 1-inch layer, with an 
air velocity about 1 inch per second, Se¬ 
bastian and Mayers determined the con¬ 
stants 5' and E in the equation for the re¬ 
action rate [i:* 

17 Mayers, M. A., Chem. Revs., 14, 31-53 
(1934) : Trans. Am. Inst. Mining Met. Engrs., 
130, 408 23 (1038). Sebastian, J. J. S., and 
Ma.\(‘rs, M. A., In<l. Eng. Chem., 20. 1118-24 
(1937). Mayors, M. A., and Landau, II. (L, 
ihid., 32, 563-8 (1040). 
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log./* = 6 

where ;* is in milligrams of coke per gram 
per second per atmosphere. The ignition 
temperature was determined as the inter¬ 
section of the coke temperature and the 
furnace temperature plotted versus time. 
At temperatures near the ignition point, 
the values for 6' ranged from 6.0 to 20.4, 
and E (activation energy) from 11,000 to 
30,000 calories. The reaction was found 
to be of the first order. The temperature 
range was extended to 550° C (1,020° F). 
Ignition temperatures determined for vari¬ 
ous samples of commercial coke ranged 
from 300° to 525“ C; the reaction rates at 
500° C ranged from 0.30 to 0.0077 milli¬ 
gram coke per gram per second. Near the 
ignition point, the more reactive coke sam¬ 
ples obtained from low-temperature car¬ 
bonization appeared to have a high reaction 
rate. With increasing temperature the re¬ 
action rate of the less reactive coke how¬ 
ever increased more rapidly, and, as a re¬ 
sult, the difference in reactivity of the 
various cokes disappeared to somsi extent 
at higher temperature and might even re¬ 
verse itself. Generally both the 6' and E 
values were smaller/ for the more reactive 
coke (7 and 13,000 respectively), and 
higher for the less reactive coke such as 
foundry coke (20 and 39,000 respectively). 

Above 900° C the previously mentioned 
relation between the reaction rate and tem¬ 
perature no longer applies. In agreement 
with HotteFs findings chemical resistance 
then no longer controls the rate but in¬ 
stead the rate of diffusion of oxygen to 
the carbon surface becomes the controlling 
factor. The temperature coefficient at 
temperatures above 900° decreases, and the 
reaction rate can be expressed approxi¬ 
mately in terms of G, the rate of gas flow 
through the fuel bed (pounds per square 


foot per hour), and the particle size. 
Mayers has given a value of the rate for 
the reaction 

C -h Oa - COa of mi = 183G^ 

for underfeed stokers. This value agrees 
fairly well with HotteFs value of mass ve¬ 
locity to the 0.37 power as determined on 
single particles of graphite. For fairly 
large sizes of particles (of the order of 
1 inch), fii is inversely proportional to the 
average particle diameter. 

Interesting light has l)een shed on the 
subject of combustion of carbon by two 
Russians, Grodzovskii and Chukhanov.^'* 
By blowing pulverized carbon particles in 
a vertical tube with a stream of air or 
oxygenated air from above, using a ‘‘fuel 
bed” of small height, combustion rates 
were determined. The air velocities were 
raised to a point well above that used 
previously by other authors. In the com¬ 
bustion tubes (3.2 up to 50 square centi¬ 
meter cross section) velocities up to 10 
meters per second (33 feet per second) 
were used. The reaction velocity was 
found to be very high; and, in no instance, 
regardless of rate or oxygen concentration, 
was any residual oxygen found. The com¬ 
bustion took place in a narrow zone (oxy¬ 
gen zone), the zone being thinner for 
higher velocities and for higher oxygen con¬ 
centrations. With charcoal the oxygen 
zone decreased from 8.5 to 4 millimeters 
for velocities of 0.1 to 2.0 meters per sec¬ 
ond, and from 20 to 7 millimeters for air 
and 75 percent oxygen, respectively, with a 
velocity of 1.24 meters per second. On the 
basis of the gas analyses obtained, Grod¬ 
zovskii and Chukhanov concluded that the 
formation of carbon monoxide is primary 
and explained thereby the very rapid com¬ 
bustion rates which never can be explained 

iR Grodsovskll, M. K., and Chukhanov, Z. F., 
Fuel, IS, 321-8 (1936), 18, 292 (1939). 
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from secondary monoxide formation by 
reduction of carbon dioxide. It was stated 
that at temperatures near the ignition 
point (600 to 700® C) the oxidation of C 
(charcoal) yields little monoxide, mostly 
dioxide. At temperatures above the ig¬ 
nition point, the monoxide formation in¬ 
creases and acquires a higher temperature 
coefficient with increasing temperatures. 
The mechanism was believed to be as fol¬ 
lows : 

At low velocities oxygen diffuses to the 
carbon surface, while monoxide diffuses 
a wav from the surface and encountering 
oxygen is converted partially or completely 
to the dioxide. For high blow velocities 
there is no longer sufficient time for the 
carbon monoxide combustion to take place, 
and all the primary monoxide is carried 
away from the surface and replaced by all 
the uneonsumed oxygen. No limiting ve¬ 
locity for the combustion of carbon to the 
monoxide has been found. It is necessary 
to utilize compact fuel beds in order to 
attain the high gas velocities obtained in 
these tests. It would seem that the essen¬ 
tial feature of this theory is the relatively 
slow rate of reaction 4 : CO + ^^02 = CO 2 . 
Extreme rates were obtained by blasting a 
block of fuel with an atmosphere contain¬ 
ing 90 percent by volume of oxygen at a 
velocity of 500 meters per second velocity. 
The gases formed under these conditions 
contained 85 percent of carbon monoxide 
and hydrogen. 

Karzhavmahas published data sub¬ 
stantiating the results of Grodzovskii. 
Wood charcoal, 2.5 to 5 millimeters in size, 
arranged in a 20-millimeter depth in a 40- 
millimeter reaction tube, was burned with 
a down blast of air or air-oxygen mixture. 
The gas produced was collected in 15 to 30 
.succesive samples, corresponding to pro¬ 
gressively thinner fuel beds. Channeling 
Karzhavlna, N. A., Fuel, 19, 220-6 (1040). 


was prevented by continually leveling the 
top of the fuel bed, and the experiments 
were continued until the bed was a few 
millimeters thick. 

The temperature of the burning layer 
increased with increasing air blast from 
1,100® C to a maximum of 1,400® C at Q.80 
meter per second blast velocity (in free 
space, standard conditions) and remained 
constant from there on up. The oxygen 
was consumed in a zone 7 to 15 millimeters 
thick, dependent slightly on either blast 
velocity (0.1 to 2.5 meters per second) or 
oxygen concentration (7 to 42 percent). 

A distinct difference in gas composition 
was found with and without rapid chilling 
of the gas samples, this difference being 
wholly explainable by the combustion of 
carbon monoxide with excess oxygen after 
leaving the fuel bed. With rapid cooling, 
it was found that even in the initial few 
millimeters of the fuel bed carbon monox¬ 
ide is formed. In the presence of 4 per¬ 
cent oxygen as much as 15 percent carbon 
monoxide was found with the straight air 
blast, and with the oxygen-enriched (42 
percent) blast, 25 percent. 

Factors contributing to high carbon diox¬ 
ide formation were larger fuel size, larger 
free space between fuel particles, dilution 
of the fuel with Carborundum, and catal¬ 
ysis of carbon monoxide combustion by 
fuel ash.. It was concluded that the com¬ 
bustion of charcoal takes place as shown by 
the two following reactions (cf. Meyer, L., 
ref. 16): 

(9) 4C -f 3 O 2 = 2C()2 4- 2C(), 

(10) 2C-h 02 = 2C0 

Reaction 9 is prevalent at low oxygen con¬ 
centrations (5 percent or less) and takes 
place at low as well as high temperatures. 
Reaction 10 is usual at higher oxygen con¬ 
centrations and above 800® C, the rate 
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being dependent upon the oxygen concen¬ 
tration. At blast rates above 0.3 meter 
per second, reaction 10 predominates and 
carbon dioxide is formed principally by 
secondary oxidation. The results obtained 
by Karzhavina are different in many re¬ 
spects from those obtained in experimental 


is given in Fig. 4, These curves are funda¬ 
mentally different from the commonly ac¬ 
cepted curves such as those discussed in a 
later chapter. 

(6) C + H 2 O = CO + H 2 

(7) C 4- 2 H 2 O = CO 2 + 2 H 2 



Fio. 4. GaB formation in a lajor of wood charcoal.^® Blast speod 0.81 motor per sooond, and 
analyses obtaluod on samplos taken witli a wator-ooolod sampler. 


producers by Haslain and coworkers 20 and 
by Kreisinger.2' 

Further independent work on the mech¬ 
anism of the reaction of car])on combus¬ 
tion appears necessary to settle the various 
controversial points. A typiciil .set of 
curves illustrating the results of Karzhavina 

20 llaslam, K, T,, Ind. Eng. Chrm., 10, 782—4 
(1924). llnHluin, 11. T., llitolioook. F, L., and 
Riidow, E. W., ibid., 1«, 115 21 (1923). Has- 
1am, K. T., Entwistle, F. E., and Gladdini?, W. 
E., ibid., 17, 580-8 (1925). ILiKlam, R. T., 
Macklc, R. F., and Reed, F. H., ibid., 10, 110-24 
(1927). Haalam, R. T., Ward, .T, T., and 
Macklo, R. F., ibid., 10, 141-4 (1927). Ilaalam, 
R. T., and Russell, R. P., Fuels and Their Com¬ 
bustion, McGraw-Hill Book Co., New York, 1026, 
807 pp. 

21 Kreisinger, H., Ovltz, F. K., and Augustine, 
C. B., U. 8 .'Bur. Mines, Teeh. Paper 137 (1917), 
76 pp. 


Reactions b and 7 are essential to the 
process of water-ga.s manufacture and are 
of considerable im])ortHnce in the jiroducer 
process. 

Studies of the organocheniical mechanism 
of the reaction of C + lIoO were made by 
Sihvonen and others,- * the jirimary effect 
being the formation of keto or diketo 
groups on the edges of the graphite crys¬ 
tals. The primary prodiK't given off is car¬ 
bon monoxide, although at higher tempera¬ 
tures some keto groups may be oxidized 
with subsequent evolution of carbon diox- 

22 siiivonen, V., Brennsioff-Chem., 17, 281-5 

(1936) ; Trans. Faraday 80 c., 34, 1062-74 

(1938) ; Symposium on Solid Fuels, Am. Cheni. 
Soc. Meeting, Boston, 1939, pp. 108-13. 

23 Boersfh, H., and Meyer, L., Trans. Faraday 
800 ., 34, 1056-61 (1938). 





KINETIC DATA 


1595 


ide. The activation energy was reported as 
tK) large calories per mole, the reaction 
being of the zero order. 

Mayers determined the rate of attack 
of graphite by steam and concluded that 
reaction 6 takes place primarily, being fol¬ 
lowed by reaction 8 : COo + H 2 . At higher 
temperatures the monoxide to dioxide ratio 
was constant for different gas velocities; 
at lowTr temperatures the ratio increased 
with increasing velocity. (At 850® C this 
ratio ranged from 0.36 to 1.2 for through¬ 
puts of 11 and 30 liters per minute; at 
(ISO® C, from 0.1 to 1.3 for throughputs of 
2 3 to 25.6 liters per minute; and at 1,050 
and 1,150® C it was 0.30 for any through- 
j)ut.) In the higher temperature range the 
reaction constant Gi for reaction 6 was 
given by the expression 

= 6.20 - (1,000°-1,160° C) 

and at low temperatures by 
4Q 720 

logio (h = 8.42 - (860° - 960° C) 

In the above exjiressions, the units of G 
are micromoles jier square centimeter per 
second. During the tests, the vapor pres¬ 
sure of water was maintained at 745 milli¬ 
meters of mercury. It was remarked that 
the amount of hydrogen formed was al¬ 
ways less in these reactions than that which 
corres])onds to the oxygen in carbon mon¬ 
oxide and carbon dioxide. This was espe¬ 
cially true at low temperatures. The dis- 
crejiaiicy was attributed to methane for¬ 
mation. 

For the investigation, short annular test 
pieces of graphite (21.3 millimeters diam¬ 
eter and 14 millimeters long) were utilized, 
of which only the outside polished cylin¬ 
drical surface was exposed to the gases. 

24 Mayers, M. A., J. Am. Chem. Boo., 86, 
1879-81 (1934). 


The tests were conducted at gas rates high 
enough to eliminate diffusion effects (5 to 
35 liters per minute at standard conditions, 
linear velocity about 300 to 2,100 centi¬ 
meters per minute). The apparent arbi¬ 
trariness of having two equations for re¬ 
action rate w'as discussed at greater length 
in connection with the C -f- CO 2 reaction, 
which shows a similar discontinuity. Brief 
reference may be made here to similar work 
on controlled contact of steam with carbon 
described by llottel and coworkers. 

Besides determinations of reaction rates 
with pure graphite it is most important to 
determine reaction rates for water vapor 
and actual fuel beds. An elaborate critical 
review of the work of many authors on 
the water-gas reaction has been given by 
Dolch.-® His conclusion was that only 
reaction 6 takes place and that subsequent 
carbon dioxide formation is the result of 
the gas rea( tion 8 : CO + H 2 O = II 2 + 
CO 2 . Results were cited of the work of 
Terres et al.,®® who subjected several types 
of coke to the action of steam-nitrogen 
mixtures at temperatures between 400 and 
1,200® C. For coke from coal, equilibrium 
was never reached in the contact times 
ranging from 200 to 10 seconds at tempera¬ 
tures below 1,200® C. The reactivity of 
the coke decreased with higher coking tem¬ 
perature. Other important work has been 
reiiorted in papers by Bunte and others.^‘^ 

Earlier work by Haslam and coworkers 

26 Dolch, P., Waasergaa, J. A, Barth, Leipzig, 
193C, 268 pp. 

26 Torres, B., Patscheko, G., et al.. Gas- u. 
Wasaerfach, 77, 585-7, 628-30, 650-5, 666-9, 
681-4, 703-6 (1934). 

27 Bunte, K., Z. angew. Chem., 80, 132-8 
(1926). Bunte, K., and Giessiui, A., Gaa- u. 
Wasaerjach, 73, 241-7 (1930). Brender ft Bran¬ 
dis, G. A., and LeNobel, J. W., Het Gas, 47, 
37-47 (1927). Dolch, M., and Kollwitz, J., 
Braunkohle, 30. 445 (1931), 31, 007-10, 628-32, 
645-9 (1932). 

28 Haslam, R. T., Hitchcock, P. L., and Rudow, 
B. W., Ind. Eng. Chem., 15* 115-21 (1928). 
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on the reaction H^O + C (at temperatures 
650® to 1,200°) led to a discussion of rela¬ 
tive reaction rates somewhat different in 
its results from the opinions of Mayers, 
Terres, and Dolch. According to Haslam, 
reaction 7 plays an important role. Has- 
lam’s results are summarized in a square 
diagram giving hydrogen, carbon monoxide 
and carbon dioxide concentration as a func¬ 
tion of the fraction of undecomposed steam 
shown in Fig. 5. The curves of this dia¬ 
gram are independent of the type of car¬ 


bon, steam pressure, time of contact, or 
temperature. 

It is generally accepted that the re- 
action rates ordinarily found in the con¬ 
tact of steam with carbonaceous fuel beds 
fall far short of attaining equilibrium for 
these reactions. One general conclusion 
may be drawn from the evidence on the 
C -h H 2 O reaction, and that is, it does not 
reach equilibrium except at temperatures 
above 1,100® C (2,000® F). Expressing the 
progress of the reaction as the molar ratio 



Fig. 5. Hydrogen, carbon monoxide, and carbon dioxide concentration as a function of undecom- 
poHcd steam. The gas analyses correspond to the volumes of the constituents produced in the re¬ 
action C + H*0 from a given unit volume of entering steam and are plotted against the fraction of 

undecomposed steam, The numerals are the temperatures of the reaction expressed in 

HiO -f Hs 

hundreds of Centigrade degrees.** 
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Hjj/(H 2 -f H 2 O) versus temperature, curve gases through the fuel bed influences the 

1 of Fig. 6 shows the equilibrium ratios for rate of diffusion at the carbon surface. For 

the reaction C 4- H 2 O at different tempera- low velocities diffusion may retard the re- 

turfis. Curves 2 and 3 are based on typical action. (2) The specific reactivities of the 

data of Terres^® and of Cassan^® respec- species of carbon utilized differ and de- 

tively, for furnace coke, and curve 4 repre- crease in the following order: charcoal, gas 



Temperature 


Fk., fi. EflFeot of tomiieraturo on the reaction C + HgO. Percent IlgO undecomposed equalH 
H, 

Ha + HzO ■ » . 

1. Eqnillhrium condilioim in steam at ntmusidieric pressure. 

2 . Actual test In nitrogen saturated with water vapor at 70” C ; the carbonization temperature 
was tljc same as the reaction temperature.’" 

3. Acual test in standard nitrogen-water vapor mixture using furnace coke.” 

4. Actual test in standard nitrogen-water vapor mixture using graphite.’" 


splits data obtained by Cassan for 
graphite. Caasan’s curves actually repre¬ 
sent his “reactivity” value of “actual-heat- 
effect” divided by “theoretical-heat-effect.” 
At low temperatures the extent to which 
equilibrium is attained in the actual tests 
is very low. At higher temperatures the 
approach is closer. Several factors influ¬ 
ence the approach: (1) The velocity of the 

Cassan, H., Chaleur et ind., 18, 355-64, 
406-12 (1937). 


coke, foundry coke, and graphite. (3) The 
rate may droji off with time owing to initial 
combustion of the more reactive parts of 
the surface. (4) The rate will decrease 
w'ith high velocities owing to insufficient 
contact time. Depending on temperature, 
2 to 10 seconds is required for an approach 
to equilibrium values. 

(3) C + CO 2 = 2CO 

This reaction is essential in the manufac¬ 
ture of producer gas. It takes place in all 
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combustion processes where more than a 
very thin fuel bed is maintained; second¬ 
ary air is required to utilize more com¬ 
pletely available heat in the combustion 
gases. By operating with a thick fuel bed, 
in an effort to have reaction 3 proceed to 
practical completion, producers are oper¬ 
ated to yield a gas of high carbon monoxide 
content and low dioxide content. 

Boudouard,®® after whom the reaction is 
often named, was the first to study the 
equilibrium in a temperature range from 
450 to 1,000° C. After his work, additional 
data were reported by Mayer and Jacoby,*’^ 
Arndt and Schraube,®* largely obtained by 
the static contact method, and by Rhead 
and Wheeler,obtained by means of a 
dynamic method. Among other authors 
contributing to the equilibrium data are 
included Schenck et al.®* and Smits.®® 

In some of the tests catalyzers such as 
finely divided nickel have been used to aid 
the establishment of equilibrium, Clement 
and coworkers published a classical piece 
of work on the Boudouard reaction with 
direct ajiplication to the producer-gas proc¬ 
ess. Charcoal, coke, and anthracite were 
used in the investigations, and their reac¬ 
tions with carbon dioxide were studied for 
temperatures up to 1,300° C with varying 

30 Boudouard, O., Bull. soc. chim., 21, 465-7, 
71.3-5 (1899), 25, 227-30, 833-40 (1901); Ann. 
chim phys., 24, 1-85 (1901). 

81 Mayor, M., and Jucuby, J., <7. Oaahclcucht, 
52, 106-94, 238-82, 305-26 (1909). 

32 Arndt, K., Henseling, F., Altmayer, V., and 
Sfhraube, G., Nernat Festchrift, pp. 46-52, 1921. 

33 Rhead, T. F. E., and Wheeler, R. V., J. 
Cfietn. Soc., 07, 2178-89 (1910), 09, 1140-53 
(1911). 

34 Schenck, R., and Zimmerman, F., Ber., 36, 
1231-51 (1903). Schenck, R., and Heller, W., 
ihid., 38, 2139-43 (1905). 

BflSmIts, A., ibid., 38, 4027-33 (1005). 

30 Clement, J. K., Univ. Illinois, Bull. 30 
(1909), 47 pp. Clement, J. K., and Grine, H. A., 
17. 8 . Geol. Survey, Bull. 803 (1910), pp. 15-27. 
Clement, J. K., Adams, L. H., and Haskins, C. 
N., U. 8 . Bur. Mines, Bull. 7 (1911), 58 op. 


time of contact. Figure 7 is typical for 
the results obtained with coke. The physi¬ 
cal chemistry of the Boudouard reaction 
was discussed by them at some length. Re¬ 
action constants Ki and from the ex¬ 
pression 

= ifi(COs) - A's(CO)^ 
at 


were given as follows (time unit, 1 second): 


Tbmperaturb 

Cmakcoal 

Coke 

Anthracite 

“C 

Ki 

Ki 

Ki 

Ki 

Ki 

Ki 

KOO 

0.0197 

3.03 

0 




900 

0.154 

2.60 

0.00231 

0.0369 



1,000 

0.640 

4.71 

0.0232 

0.359 



1,100 

1.495 

5.28 

0.134 

0.530 

0.119 

1.41 

1,200 



0.410 

0.672 

0.237 

0.177 

1,300 



1.483 

0 731 

0.579 

0.202 


The irregular variation of K 2 with tem¬ 
perature was attributed to experimental 
error. The difference in the values of K 2 
for different carbons is noteworthy consid¬ 
ering that in the reverse reaction lampblack 
is always formed. Clemeift assumed that 
the mass-action law is not strictly appli¬ 
cable because of the simultaneous presence 
of different forms of carbon. Calculations 
for the heat of activation gave values of 
51,000 calories per gram mole for charcoal, 
47,000 for coke, and 32,000 for anthracite. 
It was pointed out that chemical reaction 
rate is the controlling factor in this reac¬ 
tion, effects of diffusion being of secondary 
imi)ortance. 

Rhead and Wheeler in a later paper 
also reported reaction-rate constants for 
the CO 2 *f C = 2CO reaction. In following 
years the above reaction was studied re¬ 
peatedly in connection with reactions 6, 7, 
and 8, all involved in the interaction of 
carbon with air and steam. It was stated 
by Neumann^® that reaction 3 does not 

87 Rhead, T. P. E., and Wheeler, R. V., J. 
Chem. 80 c., JOl, 831-45 (1912). 

3R Neumann. K, Stohl u. Eisen, 83, 394-402 
(1913) ; J. Sou. Chem. Ind., 32, 363 (1918) ; 
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Fig. 7. Effect of time of contact, t in seconds, and of temperature on the reaction CO 2 + C in the 
presence of nitrogen. After Clement, Adams, and Haskins.** 


go to completion in the short time available 
for contact, but reaction 8 does. One par¬ 
ticularly interesting point raised by Neu¬ 
mann is the reversion of reaction 3 causing 
decomposition of CO to CO 2 + C after the 
gases have left the fuel bed. The result 
of this reaction is a drop in heating value 
of the gas dtle to conversion of combustible 
carbon monoxide into inert dioxide and 
finely divided solid carbon which is lost to 
the gas flow. Neumann claimed that the 
heating value of gas mixtures (producer 
gas) leaving the fuel bed at 700 to 000"' C 
may decrease 10 to 27 percent while the 
gas cools down to a final temperature of 
400 to 500®. Rapid cooling of the gas to 
immobilize the equilibrium and high veloc¬ 
ity of the gases to reduce the time at high 
temperature were advocated as means to 
limit this reduction in heating value. The 
temperature corresponding to the monox¬ 
ide/dioxide ratio of the cooled gas is around 
()00° C, indicating that the rate of the re¬ 
verse action 3 is too slow below 600® to 
affect the gas composition further. An ap¬ 
proximate relation is given for the frac- 

^ 5 . Ver. aeut. Jng., 58, 1482-4, 1501-4 (1914). 
Nciiniaiin, K., undi Le Chatelipr, C., Blahl u. 
Einen, 33. 1485-7 (1913). 


tional decrease in heating value of the gas 
as follows: 



when the c()n^tant m ~ 0.14 X 10 c is 
the gas velocity in meters per second, 
is the temperature (®C) of gas on leaving 
contact with fuel bed, and 11^ and 11^ are 
the lower heating value of gas upon leav¬ 
ing fuel ])ed and the final value, resjiec- 
tively. 

The ‘‘Neumann reversaf' reaction has 
been discussed by Iludler '*-* and by flol- 
gate.-*'” However, few additional data have 
been jniblishetl since Neumann's jiaper on 
this reversal reaction. The extent to which 
it takes i)lace is somewhat questionable, 
and further investigation is needed. 

Results on the eijuilibrium of reaction 3 
at high pressure have been reported by 
Jellinek and Diethelm^® for a temperature 
range of 800 to 1,000® C and pressures up 
to 50 atmosj)heres. Agreement was found 
between results obtained with graphite and 

89 Hudler, J., FeucrungBtech., 1, 425-7 (1914). 
Holgatp, T., Gas World, 00, 671-2 (1913). 

40 Jellinek, K., and Dletludm, A., Z. anorg. 
allgem. Vhem., 134, 203-29 (1922). 
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with amorphous carbons. The mass-action 
law was obeyed at the higher pressures. 

Since 1930 the determination of the ve¬ 
locity of reaction 3 at different tempera¬ 
tures has been advanced materially. Du- 
binsky^^ determined the rate of oxidation 
of brush carbon spheres by carbon dioxide 
with the type of apparatus described by Tu 
and Hottel. Between 1,500 and 1,700® K, 
he found a rapid increase in reaction rate 
from values of the order of 0.05 X 10-^ to 
0.3 gram per square Vjentimeter per second. 
Drakeley studied the C + CO 2 reaction 
between 950 and 1,100® C and expressed 
the reaction rate {d [CO]/dt) as itCi(C02) 
- iiC 2 (CO) 2 , thus indicating the influence 
of the reverse reaction. An effort was 
made to express reactivity of the different 
fuels in terms of constant Xj. The rela¬ 
tions between the two K values and tem¬ 
perature appeared somewhat indeterminate, 
probably owing to surface effects; K 2 also 
varied with the type of fuel used and had 
an abnormal temperature coefficientEvi¬ 
dence of the complexity of the seemingly 
simple reaction between carbon dioxide and 
carbon has also been offered by Broom and 
Travers.'*® In their opinion the reactions 
take place in two phases: 

CO 2 + C = CO -h C*()^ 

C A = CO 4- C 

supporting to some extent the early the¬ 
ories of Rhead and Wheeler, Sihvonen, and 
many others. The tendency of carbon to 
cover itself with an oxygen film has been 
discussed from a different angle by Verwey 
and deBoer ** and also by Klemenc et al. 

41 Drnkeley, T. J., J. 8 oc. Chem. Jnd., JSO, 
319-30T (1931). 

42 Cf. ref. 36. 

48 Broom, W. B. J., and Travers, M. W., Proc. 
Ray. 800 . {London), A135, 512-37 (1932). 

44 Verwey, B. J. W., and deBoer, J. H., Rec. 
trav. chim., 55, 675-87 (1936). 


Blakeley and Cobb,*® using a method 
previously developed by Branson and 
Cobb,*7 studied the reduction of a stream 
of carbon dioxide diluted with nitrogen by 
coke and other forms of carbon. The coke, 
sized between Va and square inch mesh, 
was introduced into a tube % inch in in¬ 
ternal diameter. The gas velocity was 
varied to a maximum rate of 25 liters per 
hour, and the temperature was also varied. 
The results indicated that practically com¬ 
plete carbon dioxide decomposition was at¬ 
tained for 1 second reaction time at 
1,250® C and for Mo second reaction time 
at 1,550® C. At these temperatures there 
was no difference in reactivity between the 
least (graphite) and the most reactive 
(charcoal) type of carbon used. Great dif¬ 
ferences in reactivity were evident at lower 
temperatures (see also Fig. 7). The spe¬ 
cific reactivity K was expressed as the re¬ 
ciprocal of the quantity of coke in 10-gram 
units required to decompose 20 percent of 
a stream of carbon dioxide at d 5-liter-per- 
hour rate under the experimental condi¬ 
tions stated. An equation was given to 
calculate this reactivity from data for di¬ 
luted carbon dioxide mixtures and other 
variable conditions. Curves, in which the 
specific reactivity is plotted against the 
time of exposure at 1,000 and 1,400® C, as 
well as the specific reactivity against tem¬ 
perature, are shown in Figs. 8, 9, and 10. 
The time curves show a decrease of K with 
time due to initial combustion of more 
readily oxidized portions of the surface. 
The reactivity of carbon to water parallels 
usually the reactivity of carbon to carbon 
dioxide. 

45 Klemenc, A., Wecbsberg, R., and Wagner, 
G., Z. Electrochem., 40, 488-9 (1934). 

46 Blakeley, T. H.. and Cobb, J. W., Infit. Gas 
Enprn., Commun. 104; Gao World, 101, 452-6, 
498-9, 612-3 (1934). 

47 Branson, W. R., and Cobb, J. W., Trans. 
Inst. Gas Eng., 70, 357-71 (1926-7). 
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A great deal of similar work has been 
done on the CO 2 + C reaction All this 
work constitutes part of an extensive lit-’ 
crature principally concerned with the de¬ 
termination of relative reactivity of fuels. 
(See also Chapter 24.) 

An elaborate study concerning the 
CO 2 -f C reaction was made by Mayers.'**^ 
In an effort to define the experimental 



Time, in Minutes 


Fig. 8 . Specific reactivity at 1,000® C of cokes 
from bituminoiiH coals. The corrected curves are 
on a comparable basis.** 

conditions as closely as possible, a cylinder 
of Acheson graphite, 21.3 millimeters out¬ 
side diameter, 14 millimeters long, sealed 
between sillimanite bodies was studied un¬ 
der variable conditions of gas velocity and 
temperature. 

The reaction was conducted at ga.s-flow 
rates high enough to eliminate any diffu- 

4»4Afrdc, G., and Schmitt, II., Ifrennatoffchcm., 
8 , 1921-3 (1927) ; Z. angvw. Chem., 40, 1003-8, 
1027-32 (1927). Ncttlciibusch, L., Brenn staff- 
chnn., 8 , 37-41 (1927). Jones, J. H., King, J. 
G., and Sinnatt, F. S., Dept. 8ci. Ind. Kcsearch 
{Brit ), Fuel Research, Tech. Paper 18 (1927), 
32 pp. t’obb. J. W., and Parker, A., Trans. 
Inst, das Engrs., 7 », 68-101 (1929). Dent, P. 
J., and Cobb, J. W., J. Chem. 8oc., 1929, 1903- 
12. Key, A., and Cobb, J. W., J. 8oc. Chem. 
Ind., 49, 439-44T, 454T (1930). Cassan, H., 
Chaleur et ind., 18, 355-64, 400-12 (1937). 

49 Mayers, M. A., J. Am. Chem. 8oc., B«, 70-6 
(1934), 61, 2063-8 (1939). 


sional effects. At temperatures from 850 
to 1,306® C, the rate of carbon monoxide 
formation increased from 1.6 to 500 cubic 
millimeters per square centimeter surface 
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Fig. 9. Specific reactivity at 1,400“ C of cokes 
from bituminous coals.** 

per second. In these tests the gas-flow rate 
ranged from 0.7 to 16.7 liters per minute 
of carbon dioxide, linear velocities rang¬ 
ing from 6 to 34 centimeters per second. 



00.lL_i_J_^^^_I 

009 1000 1100 1200 1300 1400 1500 


Temperature, 'C 

Fig. 10. Specific reactivity of varlouR types 
of carbon.** 

The observed rates followed two simple 
equations for A, the reaction rate, with an 
apparent discontinuity at 950® C indicated 
by an increase in reactivity gradient. The 
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two equations correlating the observed 
values of A were the following: 


Below 950® C (850 to 950®), 

log A = 3.40 — 


32,360 

4.575r 


Above 950® C (950 to 1,300®), 

log A = 5.07 — 


38,700 

4.575r 


The discontinuity was attributed in the 
1934 i)aper to a change in nature of the 
C^Oy complex.®^ Similar discussions have 
been given by several other authors.®^ 

The proposed theory is that the reac¬ 
tion COa + C ~ CO + CJ)y complex takes 
place at low temperatures (below 950®) 
with a rate of decomposition of the com¬ 
plex to carbon and carbon monoxide lower 
than that of the reaction itself. At in¬ 
creasing temperatures, the decomiiosition 
of the complex takes place more rapidly, 
and above 950® the two reactions add up 
to CO 2 + C = 2CO, leaving a clean surface 
for the reaction. It is evident that below 
950® the reaction between carbon dioxide 
and carbon will eventually slow down to 
the rate of the C^O^ complex decomposi¬ 
tion rate as soon as the entire surface is 
covered by the complex. 

In the 1939 i)aper, Mayers studied high- 
temperature coke as well as graphite in ex- 
l)oriments conducted in somewhat different 
manner. The furnace tube contained a 
solid mullitc boat with a recess in the up¬ 
per portion. For the investigation either 

BO cf. rof. 43. 

BiRhead, T. F. E., and Whpelor, R. V., J. 
Vhem. 80 c., 103, 461-89, 1210-4 (1913). Lang¬ 
muir, I., J. Am. Vhem. Soc., 37, 1139-67 (1915). 
Lowry, H. H., and Hulott, G. A., ibid., 42, 1408- 
19 (1920). Eucken, A., Z. angeu). Chem, 43, 
980-93 (1930). Meyor, L., Z. physik Chem, 
BIT, 385-404 (1932). Sihvonen, V., Ann. Acad. 
8 H. Fennicae, A 34, No. 7 (1932), 29 pp.; Z. 
Elrktrochem., 40, 456-60 (1934). Martin, II., 
and Meyer, L., ibid., 41, 136-46 (1935). Ruff, 
O., Trans. Faraday 8 oc., 84, 1022-33 (1938). 


granular or monolithic samples of carbon 
were used, including natural or artificial 
‘graphite between 16 and 20 U. S. mesh, as 
well as four samples of coke prepared at a 
final temperature of 1,000° C. Generally 
the reaction rates were found to decrease 
with time. Furthermore, the rates varied 
with the thickness of the granular samples 
(difference in level of top and bottom of 
recess in ])oat). For the monolithic sam¬ 
ples (graphite) the limiting value for pure 
surface reaction was approached. Evi¬ 
dently the interior surface of the carbon 
contributed ils share to the reaction. Even 
monolithic artificial graphite (Acheson) 
showed the effect of a 29 jiercent pore vol¬ 
ume. The use of a iiorosity correction 
made necessary by the ])crfusion of the 
body of the carbon by the oxidizing gas 
explained a number of previous inconsist¬ 
encies in results. The temperature coeffi¬ 
cient determined in these tests for graphite 
agreed with that of Blakeley and Cobb.'*® 
Ulioii the porosity basis, abnormal results 
of Davis and Hot tel were explained as 
well as differences between rate determina¬ 
tions at normal pressure and in vacuo.®^ 

A uniform relationship between reaction 
rate expressed in micromoles of carbon 
monoxide formed jier cubic centimeter per 
second and temiicrature was found at tem¬ 
peratures between 1,200 and S(K)® C. On 
account of the volume correction, the ac¬ 
curacy of the rate determination was con¬ 
sidered to be less than 20 percent. The 
heat of activation for artificial graphite 
was 52,000 calories and that for natural 
graphite 44,000 calories, the accuracy of 
the latter being less due to mineral impur¬ 
ities. Values as now accejited by Mayers 
for the reaction rate R for the range given 
follow a linear relation between log R and 
1/T. Approximate values which apply to 
granular graphite as well as coke arc 55 
micromoles of carbon monoxide per cubic 
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centimeter per second at T - 1,428° K 
(1,155° C), and 0.35 at 1,111° K 

(sWc). 

(8) CO 2 + H 2 ~ CO -h 1120 

This reaction is the only homogeneous 
gas reaction among those discussed hith¬ 
erto. It is commonly called the 'Vater- 
gas reaction” owing to its importance in 
the manufacture of the basic constituent of 
“blue” water gas, a mixture of carbon mon¬ 
oxide and hydrogen. ■ The reaction occurs 
in all processes of partial or complete com¬ 
bustion if water is present. It serves to 
establish a ratio between carbon monoxide 
and dioxide, and hydrogen and water, de¬ 
pending on the temperature and concentra¬ 
tions of the components. 

The rate of water-ga.s reaction has been 
discussed at some length by Dolch,-*'^ who 
reviewed the work of other investigators. 
Although, in most combustion and gas¬ 
making i)rocesses, the water-gas-reaction 
equilibrium appears to be established at 
fairly low temperature, experiments of 
Dolch showed that a temiieratiire of 
1 ,000° C was required before carbon diox¬ 
ide and hydrogen would react and equi¬ 
librium was not reached until 1,400°. In 
his tests, a quartz tube filled with quartz 
J)lece^ was used. An entirely dilferent be¬ 
havior was observed, however, when the 
reaction rate was determined in the pres¬ 
ence of a carbon surface such as is nor¬ 
mally present in a bed of combustible fuel. 
Dolch showed that eciuilibrium was reached 
for the water-gas reaction at temperatures 
as low as 7(X)° C in the presence of char¬ 
coal or lignite coke, and at 1,000° C in the 
presence of less active forms of carbon such 
as blast-furnace coke. The contact time in 
all the experiments was of the order of 1 
second. 

62 Dolch, P., Brennatotf-CJiem,, 14, 261-3 

(1933). 


Similar figures were given by Terres,*® 
who stated that, in the absence of carbon, 
the' establishment of equilibrium required 
50 and 70 seconds at 600 and 1,200° re¬ 
spectively; the presence of carbon reduced 
this time four to tenfold. 

Some experimental work has been done 
to study the mechanism of this surface ef¬ 
fect. Several authors have attributed it 
to the ash constituents of the carbon. It 
should be emphasized that the catalytic 
surface effect of the carbon takes place 
with or without chemical attack of the car¬ 
bon surface. Lack of chemical attack of 
the surface is indicated by constant volume 
of the reacting gases. The apparent dif¬ 
ference in catalytic activity with different 
types of coke is very significant. 

CATALYTIC EFFECTS 

Although briefly mentioned in connection 
with the water-gas reaction the subject of 
catalysis requires additional mention. Con¬ 
siderable work has been done on the cata¬ 
lytic effects of different chemicals on the 
various reactions between carbon, oxygen, 
and water vapor. Such work is of direct 
importance in the producer and in the 
water-gas-set operation in so far as it en¬ 
ables the operator to influence the operat¬ 
ing rate, gas composition, and other im¬ 
portant factors. 

Taylor and Neville were among the 
first to investigate the effect of various 
catalytic agents upon the reactions between 
carbon and steam at temperatures from 
490 to 570° C, steam being passed over the 
charcoal containing the catalyst in a Pyrex 
glass reaction chamber. Considerable cata¬ 
lytic effects were observed with sodium or 

53 Qwosdz, J., Z. angew. Ohem., 31> 137-40 
(1918). Neumann, B., KrOger, C., and Flnga», 
K„ Oaa- u. Wtmerfaoh, 74, 666-72 (1931). 

64 Taylor, H. S., and Neville, H. A., Science, 
S3, 677 (1921) ; J. Am. Chem. Soc., 48. 2066-71 
(1921). 
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potassium carbonates, the latter being the 
more active. With either, the maximum 
efficiency was obtained when 20 percent by 
weight of the catalytic agent was incor¬ 
porated in the reaction mixture. Barium 
hydroxide, borax, water glass, and soda 
lime were ineffective. Iron oxide was found 
to be ineffective although it is known to 
catalyze the CO + H 2 O gas reaction. From 
this it was concluded that probably the 
catalytic effect of alkali carbonates was due 
to the acceleration of the C 4- CO^ = 2CO 
reaction. Experiments indicated that ca¬ 
talysis of the reaction C + CO 2 = 2CO 
took place at 570“ C using the alkali car¬ 
bonates and nickel. Nickel was found to 
be the more active agent. Nickel also cata¬ 
lyzes the reaction C -1- H 2 O but loses ac¬ 
tivity rapidly. Potassium carbonate also 
catalyzes the 2CO = CO 2 + C reaction. 
The mechanism of the catalytic activity 
was associated with the influence of the 
catalytic agent upon the complex 

surface compounds. 

Cobb and coworkers®® in England pub¬ 
lished a series of papers on similar work in 
which again the superiority of sodium car¬ 
bonate as a catalyst was demonstrated. 
This work was partly done with oxygenated 
blast air. The catalyst caused the reaction 
temperature to be some 100” C lower and 
to increase the carbon monoxide content of 
the gases. Further work on the same sub¬ 
ject has also been published by White and 
others.®* Above 750” C it was found that 

.'•>5 Marsou, C. B., and Cobb, J. W., OaB J., 
17.% 882-91 (1926). Cobb, J. W., et al., ibid,, 
178, 896-912 (1927). Sutcliffe, J. A., Cobb. 

,1. W., BranHon, W. R., and Dent, F. J., Fuel, G, 
449-73 (1927). Dent, F. J., Oas World, 89, 
463-0 (1928) ; Qaa J., 184, 199-200 (1928), 
180, 766 (1929). Sutcliffe, J. A., Dent, F. J., 
and Cobb, J. W., Oas World, 88, 709-12 (1928). 

50llolling8, H., and Slderfin, N. E., J. 8oc. 
Chem. Ind., 40, 76-84T (1927). Jones, J. H., 
King, J. G., and Stnnatt, F. S., Dept. 8ci. Ind. 
Research (Brit.) Fuel Research, Tech. Paper 26 
(1930), 42 pp. Fox, D. A., and White, A. H., 


a reaction 2C *f Na 2 C 03 = 2Na + SCO can 
take place, so that at temperatures above 
1,025“ C a stream of vapor would evolve, 
the stream being adequate to rupture the 
stagnant gas film on the carbon particles. 
In this manner the C-h CO 2 reaction is 
accelerated. Neumann and associates 
explained the effect of alkali carbonates in 
a similar manner. The sodium vapor was 
supposed to be reoxidized and again form 



Fio. 11 . Influence of additlonR of sodium 
carbonate on the composition of gases obtained 
from the interaction of graphite and dry air. 
After Weiss and White.*® 

sodium carbonate in the upper cooler por¬ 
tions of the fuel bed. 

With additions of sodium carbonate as 
low as 0.01 percent by weight, a noticeable 
acceleration of carbon dioxide reduction in 
fuel beds was obtained with 2 to 7 sec¬ 
onds contact time (Fig. 11). With 0.1 per¬ 
cent and more of sodium carbonate in the 
fuel bed, equilibrium was obtained in the 
COu 4- C reaction at 0(K)“ C with 33 per¬ 
cent carbon monoxide in the reaction gas, 

Ind Eng. Chem., 2.S, 259-66 (1931). Weiss, 
C B.. and White, A. II., ibid, 20, 83-7 (1934). 
Fleer, A. W , and White, A. II, ibid, 28, 1301-9 
(1936). Askey, P. J, and Doble, S. M., Fuel, 
14, 197-201 (1935) Kroger, C., und Melllorn, 
G., BrennstoSf-Chem., 19, 157-69 (1938). 

’ij Neumann, B., Kroger, C., and Fingas, B., 
Z. anorg. allgem. Chem., 197, 321-38 (1931). 
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graphite being the source of carbon, and 
dry air the source of oxygen. For graphite 
treated with 1 percent sodium carbonate, 2 
seconds contact time sufficed to give 31 per¬ 
cent carbon monoxide at 850° C, whereas 
only 25 percent was obtained from un¬ 
treated graphite at 1,050° C. 

With foundry coke larger percentages of 
sodium carbonate were required because of 
the tendency of sodium carbonate to react 
with the ash to form silicates. Addition of 
5 percent sodium carbonate was sufficient 
to give material acceleration in the carbon 
monoxide production. At 880° with 5 per¬ 
cent sodium carbonate a gas containing 1.6 
percent carbon dioxide, 34.0 percent carbon 
monoxide, and 11.4 percent hydrogen was 
made, and at 1,090° the same coke with no 
catalyst gave 9.8 percent carbon dioxide, 
19.8 percent carbon monoxide, and 8.6 
percent hydrogen. Besides accelerating 
carbon dioxide reduction, the addition of 
sodium carbonate lowered the reaction 
temperature for graphite and air by 150°, 
which resulted in complete oxygen con¬ 
sumption from air at 525° instead of at 
675°. The active fuel bed used in these 
tests was from 250 to 300 millimeters deep. 

Krogerhas claimed that for reactions 
1 and 3 heavy metal oxides of low heat of 
oxide formation are active, and for reac¬ 
tion 6 oxides of intermediate heat of for¬ 
mation serve as catalysts. Mixed catalysts 
such as alkali carbonate plus cobalt or cop¬ 
per oxide were advocated. The theory 
proposed was that such combinations form 
surface alloys and reduce the volatility of 
the alkali metal. Graphite activated with 
such a catalyst gave 30 percent steam de¬ 
composition at 600° C, and 70 percent at 
700° C, while potassium carbonate alone 
gave 15 and 45 percent respectively. The 

fi8 Kroger, C., Ang^vo, Chem., 52, 129-38 

(1939). 


effect of the catalysts was relatively less at 
higher temperatures and also with more 
reactive fuels. 

A somewhat different approach to the 
study of these catalytic effects has been 
pursued by a number of authors*® study¬ 
ing the decomposition of carbon monoxide. 
Tropsch found that at 400° C using a flow 
of 400 cubic centimeters of carbon monox¬ 
ide per hour there was 36.4 percent decom¬ 
position of monoxide to CO 2 + C in the 
presence of nickel, 10.4 percent in the pres¬ 
ence of reduced ferric oxide, 2.3 percent 
with 'Terrum reduction,” and less than 1 
percent with zinc or manganese oxide, 
chromic oxide, aluminum oxide, barium 
sulfate, tinned iron, magnesium oxide, or 
copper. This type of reaction tended to 
form metal carbides, in accord with the 
results of Tutiya and Bahr using car¬ 
bides of iron, nickel, molybdenum, and 
cobalt. 

The carbon dioxide decomposition reac¬ 
tion is also influenced by various refrac¬ 
tories, the reaction resulting in graphite 
deposition in interstices of brickwork. 
Hubbard and Rees showed that tem¬ 
peratures from 260 to 300° C for alumina, 
calcined slag, and ferric oxide caused car¬ 
bon monoxide decomposition. A tempera¬ 
ture of 520° was necessary to obtain the 
vsame reaction for silica. It was believed 
that ferric oxide is one of the more active 
catalyzers. 

Among the more recent publi(;ations on 
catalysis of carbon reactions is an article 

60 TropHoh, II., and von Phlllipovich, A., Qea. 
Ahhandl. Krnntnis Kohle, 7. 44-5 (1922-3). 
Meyer, (»., and Scheffer, F. B. C., Rec. trav. 
chim., 4«. 754-62 (1927). Tutiya, H., Bull. 
JnHt. Phya. Chbm. Research Tokyo, 8, 609-13 
(1929), 10. 566-62, 951-73 (1931), 11, 1136-49 
(1932). Bahr, II. A., and Jessen, V., Ber., 63B, 
2226-37 (1930). 

60 Hubbard, D. W., and Rees, W. J., Trans. 
Ceram. 8oc., 28, 277-307 (1929). 
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by Laupichler®^ in which the mechanism 
of the surface catalysis of the CO 4* H 2 O = 
CO 2 + H 2 reaction was analyzed, and the 
effects of diffusion separated from truly 
catalytic effects. 

Calling 72 1 the velocity coefficient of the 
catalyzed reaction in the expression 

Wl = RlC2mi(h' - Cl") 

in which W\ = moles of gas diffusing jx'r 
second per square centimeter of catalyzer 
surface, C 2 m = H 2 () concentration, C'l = 
actual CO concentration, and C"i = ec(ui- 
librium CO concentration, it was calculated 
that 

— .5 640 

login 72i = -^+11.71 

in which Tm = the mean temperature of the 
catalyst. In the range of 460 to 570“ C, 
= 1.23 when the diffusion re¬ 
sistance was considered negligible. By 
means of the 72i values, for which the 
method of determination was given, dif¬ 
ferent catalysts could be compared. The 
heat of activation of the heterogeneous re¬ 


found most active. It was claimed that, 
whereas with pure coke the reaction C + O 2 
is of first order, the heterogeneous cata¬ 
lyzed reaction is of zero order. The method 
used for the tests was similar to that de¬ 
scribed previously for ignition temperature 
determinations. The determinations indi¬ 
cated no change in heat of activation of 
the reaction in the presence of 3 percent 
sodium carbonate. However, it appeared 
that the surface oxide layer on the coke 
was changed in the presence of catalyst. 
Ferric oxide in 10 percent concentrations, 
mi^ed wet or dry, had no effect on the 
C + O 2 reaction. 

METHANE FORMATION 

Methane is nearly always present in 
producer gas, its origin being partly due to 
the volatile matter of the fuel, which lib¬ 
erates methane upon heating, partly to its 
formation from carbon, hydrogen, or wa¬ 
ter, since all are present in the reaction 
chamber. 

Reactions involved in the formation of 
methane include the following: 


( 11 ) C,. + 2 (H 2 ), = (CH 4 ), A77" 298.1 = 

298.1 = 


(12) (CO), + 3(H2), = (CH4), 4- (H2()), 

action on the catalyst surface was 25,<S()0 
calories per mole. 

Sebastian”- has repeated previous tests 
using 40- to 60-mesh coke and adding up 
to 5 percent sodium carbonate or molybde¬ 
num sulfide on silica gel and 1 percent of 
sodium or ammonium molybdate or sodium 
phosphate. As usual sodium carbonate was 

ej Laupicliler, F. G., Ind. Eng. Chem., 30, 
678-86 (1938). 

62 Sebastian, J. J. S., Symposium on Solid 
Fuels, Am. Chem. Soc. Meeting, Boston, 1939, 
pp. 87-40. 


—18,050 calories per mole 
—12,280 calories per mole 
A//° 291 == —49,505 calories per mole 
AF° = —34,000 calories per mole 

The data given here are derived from 
work by Rossini, Kelley, and Austin and 
Day,”** since the values of the Internaiiomil 
Critical Tables appear to be somewhat dif¬ 
ferent and less accurate. 

A plot of log K of reaction 11 versus T 
(Fig. 12) shows that methane formation is 
well within the realm of possibility at the 
temperature prevailing in producer fuel 

63 Rossini, F. D., J. Chem. Phys., 0, 569 
(1938). Kelley, K. K., U. S. Bur. Mines, Bull. 
407 (1937), 66 pp. Austin, J. B., and Day, M. 
J., Jnd. Eng. Chem., 38, 23-31 (1941). 
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beds. Higher temperatures tend to dis- 
l)lnre the equilibrium of reaction 11 toward 
the left (exothermic reaction); higher pres¬ 
sures tend to shift it toward the right. 
Hence low temperatures and high pressures 
are requisites for maximum methane pro¬ 
duction. Early work on methane forma¬ 
tion in producer fuel beds was mentioned 
by Clement, Adams, and Ihiskins.'*” 



* F 800 980 1160 1340 1520 1700 1880 2060 

•C 427 527 627 727 827 927 1027 1127 

Temperature 

Fkj. 12. Varlutlon of log 'with trMnuora 
turo for Iho ronctioii + 2 H 2 CH^. 

.\s tf) the kinetics of inetlianc formation 
from the reaction (' -f- 2 II 2 , stanc very per- 
tiiieid information has ])eeii obtained in 
e\i)criments on the interaction of cokes 
and coals with hydrogen ])y Dent and co¬ 
workers in England. 

Passing hydrogen through a 9.5-inch 
layer of coke in a tube 1 inch in internal 
diameter (weight of charge 25 to 40 
grams), at a rate of 20 liters jier hour (1.3 
seconds contact time at atmosj)heric })res- 
sure), the rate of liydrogenation of the 
coke was established at different jiressures. 
Except for some methane and hydrogen 
evolution from the coke in a nitrogen 

01 Dent, F. J., Blackburn, W. II., mid Millett, 
H. i\, ItiHt, Oa» Enqrn,, Vommun. 107 (if).*!?), 
47 pp., im (lOas), 09 pp. 


stream at 500 to 8(X)° C due to the vola¬ 
tile matter of the fuel, the formation of 
methane in the hydrogen stream was dis¬ 
tinct. With a coke made from Yorkshire 
coal at 450 to 500** there were obtained in 
nitrogen a 23,0 therm yield of hydrogen, a 
14.7 therm yield of methane, and a total hy¬ 
drocarbon yield of 16.3 therms per ton of 
coke at atmospheric pressure. In hydro¬ 
gen at atmospheric pressure, at 800” C, 
there were obtained 1.3 therms of hydro¬ 
gen and 33.8 therms of hydrocarbons; at 
5 atmospheres in hydrogen, 92.1 therms 
total; at 10 atmospheres, 132.9 therms; at 
25 atmospheres, 202.5 therms; at 50 atmos¬ 
pheres, 276.0 therms; at 1(X) atmospheres, 
331.2 therms. Maximum Btu values of the 
gas produced were: at 1 atmosphere, 345 
Btu per cubic foot; at 10atmospheres, 500 
Btu; at 100 atmospheres, 914 Btu. Meth¬ 
ane began to apjiear at 500” C, and as 
much as 72 percent of the coke was gasified 
in the pressure experiments. 

At low pressures, the reactions proceeded 
most rapidly at 500 to 550” C; at higher 
jiressures at 700 to 750”. Other fuels gave 
similar yields, although the initial hydro¬ 
genation temiierature varied to some ex¬ 
tent. Mixtures of carbon monoxide and 
hydrogen gave similar results. Later tests 
showed that maximum yields of gaseous 
hydrocarbons could be obtained at 900 to 
950” C. Coals carbonized at 450 to 500” C 
gave 5(K) to 600 therms of gaseous fuel per 
ton with calorific value above 500 Btu per 
cubic foot, 70 to 85 iierceiit of the carbon 
being gasified. With coke prepared at 800” 
the hydrogenation at 9(K)° was especially 
advantageous; hydrogenation at 800” gave 
140 therms of gaseous hydrocarbon, at 
tKK)” C 520 therms, the pressure being 50 
atmospheres. The presence of alkali car¬ 
bonate accelerated the hydrogenation, es- 
])ecially at the lower temperatures: at 
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800®, 140 therms was produced without al¬ 
kali; at 800®, 463 therms with 3 percent 
sodium carbonate in the coke. The per¬ 
centage of methane made in some of the 
coke experiments reached equilibrium in 
some tests. The percentage jof methane 
obtained at lower pressure and lower tem¬ 
perature can be as high as at high pressure 
and temperature as long as the coke is suf¬ 
ficiently reactive. Many interesting details 
are given in these reports. 

As to equilibrium and rate of reaction 
10, the data in the literature are inadequate 
and the impression is obtained that the in¬ 
teraction of carbon with hydrogen in fuel 
beds is at least as important as the conver¬ 
sion of CO -f- 3H2 (or of CO2 + 4H2) to 
CH4. Dent cited some experiments in 
which mixtures of 12 percent carbon diox¬ 
ide, 3 percent carbon monoxide, 27 per¬ 
cent hydrogen, and 58 percent steam were 
passed over crushed silica at 50 atmos¬ 
pheres, as well as over different types of 
coke. With silica very little methane was 
formed: 1.3 percent at 600®, 1.9 at 700®, 
and 1.1 at 800®. With high-temperature 
retort coke or graphite, from 4.4 to 10.4 
percent methane was obtained, and the ad¬ 
dition of either sodium carbonate or ferric 
oxide to the coke had no effect. The best 
results, up to 20 percent methane in the 
carbon dioxide-free gas, resulted from the 
use of coke prepared at 700® from Leices¬ 
tershire coal. 

It is realized, of course, that reactions 
like 12 always take some part in the meth¬ 
ane formation, especially if suitable cata¬ 
lysts for this type of reaction are present. 
Homogeneous gas reactions generally are 
faster than reactions between gases and 
solids. On the other hand, reaction 12 as 
written requires interaction of four mole¬ 
cules and for that reason can be expected 
to be slow. Considerable early work on 


the formation of methane from carbon 
monoxide and hydrogen under the influ¬ 
ence of catalysts was done by Vignon.®® 

The formation of methane in producer 
and water-gas manufacture needs further 
investigation. 

THEORY OF GAS REACTIONS 

In surveying the status of present knowl¬ 
edge concerning such fundamental gas re¬ 
actions as I, 2, 3, 6, 7, and 8, it is obvious 
that the equilibrium data on these reac¬ 
tions are well established. Since 1920 ade¬ 
quate data on specific heats, heats of re¬ 
action, and determination of equilibrium 
constants at different temiieratures have 
been obtained and coordinated to give a 
consistent set of thermodynamic equations. 

The data available on the rate of ap¬ 
proach of the equilibrium condition if pos¬ 
sible from both sides are fewer in quantity 
as well as quality. It can hardly be as¬ 
serted that the study of the kinetics of any 
of the reactions has been exhausted. 

With reactions 1 and 2 the decision be¬ 
tween carbon monoxide, carbon dioxide, 
and as primary product has not defi¬ 
nitely been made for all temperature and 
jiressure conditions. Since the equilibria of 
these reactions he well over on the right- 
hand bide at normal working tempera¬ 
tures no complication with reverse reaction 
arises. It seems fairly well established that 
the oxidation of carbon is a first-order re¬ 
action and that the reaction rate at tem¬ 
peratures above 1,000® is solely a function 
of the rate of removal of the oxidation 
products, monoxide or dioxide. At lower 
temperatures where chemical resistance 
plays a role, catalysts have been found 
that accelerate the rate of reaction al¬ 
though it still remains somewhat question- 

65 Vlgnon, L., Compt. rend., ISO, 1995-8 
(1913), 157 . 131-4 (1913). 
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able whether their effect is a chemical or a 
physical one, 

With reactions such as 3, 6, and 7 the 
picture is not quite as simple as for 1 and 
2. All these reactions are heterogeneous 
gas reactions, and the equilibria of reac¬ 
tions 3, 6, and 7 lie within range of the 
usual experimental temperatures. Taking 
the reaction C -f* CO 2 2CO as an exam¬ 
ple of this type, equilibrium can be ap¬ 
proached from two sides. In measuring 
the rate of the reaction when proceeding 
from left to right the effect of the reverse 
reactions must necessarily be observed. 
For a rate of change of carbon dioxide 
jircssure expressed as dpcojdt it follows 
that at any temperature 


dt 


A 1 PCO 2 - AapVo ^ 2 ~dt 


Ai 

A'2 


K 


p 


where Ki and A 2 are velocity constants and 
Kp is the equilibrium constant at the same 
temperature. Whereas Kp is related to 
— AF, the change in free energy of the reac¬ 
tion, by 

— RT log,. Ap = AA 
and to the heat of reaction — A// by 

d log. Kp MI 
dT ~ RT^ 


there is no such simple set of equations for 
Ai or A 2 . It has, however, been found 
experimentally that generally an equation 
of the following type applies: 

dlog. Ai A\ 
dT “ RT^ 

In the integrated form, this becomes 

Ki - (Arrhenius equation) 

In this the constant Ai, determining the rate 
of change of Ai with temperature, has the 


dimension of a heat quantity and has been 
called the “heat of activation." A\ is 
assumed to represent the (semi-empirical) 
energy (heat) required to convert the react¬ 
ing molecules (solid or gaseous) to an acti¬ 
vated stage from which the actual reaction 
can proceed. Catalysts may be of such a 
nature as to reduce the value of Ai and hence 
cause the reaction to take place at lower 
temperatures. It is obvious that 

Ai — A 2 = Ml 

In order to obtain a complete picture of 
the kinetics of a reaction like 3, constants 
should be determined to fill out Arrhenius 
equations for both Ai and A 2 assuming that 
the reaction rate is determined by tempera¬ 
ture principally. By measuring rates for 
low values of pco or for low values of pco 2 
results for Ai and can be segregated by 
extrapolations to pco or pco 2 == 0. Diffusion 
functions in such an analysis are enclosed 
in the constants of the Arrhenius eijuation. 
Another very important item which is in¬ 
cluded in that equation under B is the so- 
called reactivity of the solid phase. This 
reactivity, included in the original Ai, repre¬ 
sents the activity pc of the solid phase, which 
might well be written in as 

fipcoz L' f L' 9 

- - “ = hipcpcoi ~ A 2^00 

(It 

With the use of a solid phase (carbon) in 
different physical conditions the activities 
can be compared and measured on a com¬ 
mon scale. 

It lb rather astonishing to see how sel¬ 
dom this simiile set-up for the investiga¬ 
tion of heterogeneous gas reactions has 
been followed. The one outstanding exam¬ 
ple of development of an equation of the 
Arrhenius type, including solid-phase ac¬ 
tivity and diffusion effects, has been given 
by llottel and Parker for reaction 1 in 
a limited range. 
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Data on ^'reactivity” of carbon species 
and on reaction rates are generally badly 
confused. Reaction constants of almost 
any kind of dimension can be found; reac¬ 
tivity is expressed in anything from heat 
units to seconds and centimeters. The ef¬ 
fect of the K 2 of the reverse reactions is 
often conveniently ignored. All this con¬ 
tributes to lack of depth in the information 
obtained and lack of applicability of the 
data to general cases. In a few instances 
such shortcomings have been pointed out 
in the past.*®»*^ A thorough revision of 
the field of reactivity and rate determina¬ 
tion is badly needed for almost all the re¬ 
actions under discussion. One unfortunate 
consequence of the present situation is that 
sometimes elaborate physical explanations 
of irregularities found in experimental data 
are required to cover up inadequate theo¬ 
retical grounds. 

To mention a few subjects that require 
further study: ( 1 ) reverse of reactions 6 
and 7; (2) further study of reaction 3 re¬ 
versed with and without catalyzer; (3) ex¬ 
tension of the study of reaction 1 to higher 
gas velocities; (4) development of a gen¬ 
erally acceptable Arrhenius ecpiation for 
reactions 3, 6 , and 7; (5) mechanism of 
factors involved in the ‘'reactivity” of dif¬ 
ferent forms of carbon, including the effect 
of chemical structure, pore structure, etc.; 
and ( 6 ) development of a theoretically cor¬ 
rect standard expression for reactivity. 

Producer Reac^tions 

The reactions taking place in a gas pro¬ 
ducer represent the making of producer 

66 Allen, H., Modern Power Oaa Producer 
Practice and ApplicationSj Technical Publishinjc 
Co., London, 1908, «32G pp. Dowson, J. E., and 
Larter, A. T., Producer Qaa, Longmans, Green & 
Co., New York and London, 3rd ed., 1912, 319 
pp. Le Chfttelier, H., Lc chauffage induatriel, 
Dunod, Paris, 1920, 630 pp. Gwosdz, J., itene- 
ratorgaa, W. Knapp, Halle, 1921, 191 pp.; Kohl- 


gas. Producer gas is a gas with carbon 
monoxide as the principal combustible con¬ 
stituent, the carbon monoxide being the re¬ 
sult of incomplete combustion of a car¬ 
bonaceous fuel. 

When a carbonaceous fuel is exposed to 
reaction with gases containing oxygen at 
temperatures above the ignition tempera¬ 
ture of the fuel there result two principal 
reactions correlated by two additional ones: 

(1) C + O2 = CO2 

(2) C + 3^02 - CO 

(3) CO 2 + C = 2 CO 

(4) CO -f- 32 O 2 = CO 2 

Reaction 1 takes place as long as the oxy¬ 
gen concentration is adequate, and any 
carbon monoxide formed will be oxidized 
further as shown by reaction 4. Reaction 
1 has the highest heat of reaction, 04,300 
calories per mole at 201 ° K; the formation 
of carbon monoxide by reaction 2 is ac- 
eomj)anied by the evolution of only 20,490 
calories per mole at the same temperature. 

It depends altogether u])on the mode of 
contact of fuel and oxygen whether carbon 
dioxide or the monoxide will be the princi¬ 
pal product of combustion. In thin, shal¬ 
low fuel beds, so ])roportioned that the 
oxygen of the blast air is reduced to a low 

enwaaacrgaa, W. Knapp, Halle, 19.30, 000 pp. 
RuinbuHh, N. E., Modern Oaa Producers, Bonn 
Bros., London, 1923, 508 pp. Trenklor, IT. R., 
Die Qaaerzeugcr, J. Springer, Berlin, 192.3, 378 
pp. Wheeler, R. V., Producer Oaa and Ouk Pro¬ 
ducer Practice, Fuel Publieations, London, 1923, 
102 pp. Korevuar, A., Comhuation in the Gas 
Producer and On JOast Furnan , Loekwood, 
(YokIj.v, a Son. Jjondon. 1924, 177 pi» Ilaslani, 
R. T., and Russell, R, 1’., Fuels and Their Com- 
huslion, MeGraw Hill Book Co., New York, 1920, 
807 pp. Morgan, .7. .7., American Gas Practice, 
.7. .7. Morgan, Maplewo(»d, N, .7., 19.31, Vol. I, 
909 pp. Guillon, II., Lis gazogi^ma, thCorie, 
pratique, controls, Clialeiir et indiislrio, Paris, 
19.39. Briiekner, II., Uandhuch dvr Gasindus- 
tric, Gencratoren, R. Oldenbourg, Munieh, 1940, 
304 pp. 
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but i)Ositive value while passing through 
the fuel bed, the dioxide is the principal 
product. In such fuel beds, the heat evo¬ 
lution is maximum; this type of fuel bed is 
used in heating furnaces. Small amounts 
of carbon monoxide formed are often 
burned up by secondary air admitted above 
th(* fuel bed. The maximum thickness for 
these fuel beds is of the order of 4 inches. 

Tf the fuel bed is thicker than this value 
a second reaction takes place; the carbona¬ 
ceous fuel bed heated up by the carbon di¬ 
oxide-containing gases resulting from reac- 
ti(m 1, as well as by radiation and convec¬ 
tion from Ihc underlying fire, will react 
with the carbon dioxide according to reac¬ 
tion ‘A with secondary production of carbon 
monoxide. Reaction 3 is accompanied by 
the alisorption of 41,410 calories per mole 
(291° K). Hence, while reaction 3 takes 
pla(‘c, the gases cool until, owing to lower 
prevailing temperatures, reaction 3 stops 
and the gases leave the fuel bed with the 
monoxide and dioxide content correspond¬ 
ing to the outcome of reaction 3 at the iirc- 
vailing ternjierature and time of contact. 

A number of secondary reactions take 
place at the same time: (1) the heat of 
the gases causes carbonization, driving out 
volatile matter and moisture from the 
freshly charged upiier layers of the fuel 
bed; and (2) for the more common type 
of producer it is customary to add mois¬ 
ture in the form of steam to the blast air 
with the result that reactions such as the 
following take place: 

(6) C -b H 2 O = CO + H 2 

(7) C + 2 H 2 O = CO 2 + 2 H 2 

both having negative heat values, 31,340 
and 21,270 calories per mole, respectively. 
This absorption of heat tends to lower the 
temperature of the fuel bed and is instru¬ 
mental in preventing fusion of the ash 


residue of the fuel to large clinker. Thus 
discharge of ashes from the producer is 
simjilified. The use of steam in the air 
blast is common, and so-called air producer 
gas, made from air and fuel only, is seldom 
made. 

When thick fuel beds as described here 
are confined in a closed space and the gas 
produced is collected for use separate from 
the fuel bed, the apparatus is then desig¬ 
nated as a gas producer, the gas, as a pro¬ 
ducer gas. 

The gas is sometimes used directly with¬ 
out cooling, and quite often it is cooled and 
cleaned. The conversion of the heating 
value of a solid fuel to heat available in 
a gaseous fuel is consequently expressed 
either as hot efficiency, which includes the 
sensible heat of gas, or as cold efficiency, 
including only the heat of combustion (po¬ 
tential heat) of the cold gas. 

Typical of producer operations is the 
continuity oi gas production as compared 
with the discontinuity of the water-gas 
process. The producer process is the sim¬ 
plest type of total gasification of solid fuel. 

From the brief description of the fuel 
bed given there appears the obvious subdi¬ 
vision of the producer fuel bed into four 
layers: (1) ash bed, supported by a grate; 
(2) oxidation zone with reaction 1 pre¬ 
dominating; (3) reduction zone with reac¬ 
tion 3 predominating; and (4) preheating 
zone. 

The producer described here is the most 
common type; the fuel moves downward 
and the gases upward, and it is sometimes 
called the up-draft type. Later different 
types of producers such as down-draft, 
cross-draft, and double-draft producers will 
be described. Furthermore, gases other 
than air can be used as blast: air and car¬ 
bon dioxide, air and oxygen, oxygen, and 
oxygen with additions. Fuels used in pro- 
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ducers may include almost pure carbon like 
charcoal, coke, etc., as well as other car¬ 
bonaceous material like different types of 
coal, lignite, wood, and waste materials. 

The theory of the producer reactions is 
of importance in the study of the mecha¬ 
nism of operation of the producer plant in 
order to find the optimum conditions for 
the conversion of fuel to gas. These con¬ 
ditions are: (1) highest thermal efficiency; 
(2) ease of operation; and (3) best quality 
of gas for the ultimate purpose. 

EXPERIMENTAL RESULTS 

The early literature on producer theory 
is given in a book by Wyer containing 
references from 1840 to 1905. More re¬ 
cent bibliographies are Fernald^s®® and a 
pamphlet of the British Iron and Steel In- 
stitute.«» 

A number of authors have made tests on 
producers of large and small size, in which 
temjieratures were taken at different levels 
of the fuel bed as well as gas analyses at 
corresponding locations. Thus the trend 
of the reaction in the producer was deter¬ 
mined empirically. The results of such 
work are shown in Hg. 13 derived from 
the work of Nicholls on a fuel bed of 
high-temperature coke blown with air of 
different temperatures. In similar earlier 
tests by Kreisinger et al.-^ the fuel bed was 
arranged in a brick-lined, cylindrical shell, 
13.5 inches in diameter, and samples were 
taken every 1.5 inches. The fuel studied 
was 1 to 1.5 inches in size. The principal 
conclusions from this representation arc: 

67 Wypr, S. S., Producer Gas and Gas Pro¬ 
ducers, Hill PubliHhlng Co., New York and Lou¬ 
don, 1907, 808 i>p. 

08 Fernald, R. H., and Smith, C. 1)., 17. fif. Bur. 
Mines, Bull. 18 (1911), 393 pp. 

fl» Iron Steel lust., London, Bibliographical 
Series No. 6 (1938), 72 pp. 

ToNichollB, P., V. 8. Bur. Mines, Bull. 378 
(1934), 76 pp. 


1. The oxygen is consumed in the first 4 
inches above the grate, and the carbon di¬ 
oxide increased to a maximum of 10 to 16 
percent. 

2. A maximum temperature of 1,500 to 
1,600® C is attained near the point of maxi¬ 
mum carbon dioxide concentration, 3 to 5 
inches above the grate. 

3. Variation in throughput from 20 to 
195 pounds per square foot causes little 
change in the conditions of the oxidation 
zone. 

4. The point at which all oxygen is con¬ 
sumed varies with the nature and size of 
the fuel, owing to surface, ash, and com¬ 
bustibility. 

5. There is a distinct influence of time 
of contact and temperature on the reduc¬ 
tion of carbon dioxide to the monoxide as 
previously shown by Clement, Adams, and 
Haskins.**® A temperature of 1,300® C is 
required to give adequate carbon dioxide 
reduction in the few seconds available in 
producer practice; below 900® the reduc¬ 
tion of carbon dioxide becomes negligible. 

6. In order to obtain proper carbon di¬ 
oxide reduction, a fuel bed height of 2 to 
3 feet is adequate. 

7. The preheat of the blast influences the 
conditions of the fuel bed. 

8. Ash fuses in the upper layers of the 
oxidation zone and solidifies 2 to 4 inches 
from the grate. 

Papers by Mott and Wheeler dealt 
with somewhat the same subject as Krei- 
singer’s, with siiecial emphasis on the reac¬ 
tivity of coke. Materially the same con¬ 
clusions were arrived at, although the work 
of Mott and Wheeler took advantage of 
some 20 years of fuel and gas-reaction re- 

71 Mott, R. A., and Wheeler, R. V., Symposium 
on Solid Fuels, Am. Chem. Soc. Meeting, Boston, 
1939, pp. 95-107; The Quality oj Coke, Chap¬ 
man and Hall, London, 1939, 464 pp., especially 
p. 6. 
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Height above Grate, Inches 

Fiu. 13. Effect of preheat on ffas analyses and fuel-bed temperatures in an overfeed fuel bed of 
hiffh-temperature coke.’® 
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search. Briefly the conclusions of Mott 
and Wheeler follow: 

At a rate of combustion of 39 pounds 
per square foot hour, most of the types of 
coke used consumed all the oxygen in 4 to 
6 inches (charcoal in 3 inches) depth of 
bed. The maximum temperature was 1,560 
to 1,800“ C, and the highest temperature 
was attained with the least reactive coke. 
At the point of disappearance of oxygen 
the carbon dioxide was at a maximum, or 
just past it. The maximum temperature 
was slightly below the point of zero oxy¬ 
gen. The external surface area of the coke 
pieces {M inch or larger) was of more im¬ 
portance than the pore surface. Reactions 
1, C + O 2 , and 3, CO 2 4- C, were affected 
in different ways by the conditions of the 
fuel bed. Above the ignition temperature, 
reaction 1 depended only on the area of 
the carbon surface and air supply rate, 
whereas reaction 3 depended mainly on 
temi)erature and secondarily on surface. 

In the development of j)ractical pro¬ 
ducer operations at increasingly fast rates 
of throughi)ut it became evident that the 
addition of steam to the air blast was de¬ 
sirable in order to reduce fuel-bed tem¬ 
peratures sufficiently to prevent ash fii.sion. 

With the use of steam, a mixture of 
CO + II 2 is added to the producer gas as 
well as undecomposed water vapor. The 
amount of water vapor in the blast gener¬ 
ally used varies from 0.4 to 0.7 pound i)er 
pound of carbon burned and is decom])osed 
from 60 to 90 percent. The geiiend effects 
of use of steam are: 

1. It cools the fire zone due to the endo¬ 
thermic reactions 6 and 7, hence prevents 
fusion of ash, cuts down heat losses to 
walls, and reduces temperature of gas 
formed; sensible heat of gas is converted 
into potential heat. 

2. Owing to a lowering of fuel-bed tem¬ 


perature with consequent lowering of the 
rate of reaction 3, the carbon monox¬ 
ide/carbon dioxide ratio is lowered with 
increasing steam addition, and hydrogen 
takes the place of a portion of the mon¬ 
oxide. 

3. There is reason to believe that ap¬ 
proximate equilibrium according to reac¬ 
tion 8 is established in the gases prior to 
leaving the fuel bed; reaction 8 is cata¬ 
lyzed by the fuel ash. 

4. Excessive steam with incomplete de¬ 
composition lowers the thermal efficiency 
of the producer because of heat carried 
away in the hot steam vapor. 

5. Small amounts of methane are formed 
in the presence of carbon monoxide and 
hydrogen. 

6. The calorific value of the producer gas 
is increased by the addition of CO + H 2 
without accompanying diluent nitrogen gas. 

Numerous investigations have been made 
on the influence of varying steam additions 
to air blast on producer performance. As 
pointed out by Denig,^^ however, “the 
jiractical operator in the end becomes con¬ 
cerned with only one fad, clinker trouble” 
and the steam-air ratio is so adjusted as to 
obtain easy operation. 

The work of Neumann is important in 
being among the first to give data on the 
oxygen, carbon dioxide, carbon monoxide, 
hydrogen, methane, water, and nitrogen 
content of gas and temperatures at differ¬ 
ent elevations of the fuel bed while using 
dry air blast as well as additions of steam 
from 0.38 to 1.82 kilograms per kilogram 
of carbon burned. Neumann advocated 
the use of a steam-fuel ratio of 0.4 for o])- 
timum gas composition, and a deep fuel 
bed to complete carbon dioxide reduction 
as well as possible. 

72 Denig, F., Carbonization Com. Rept., Am. 
Qaa Aaaoc., 1927. 
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Bone and Wheeler^® in some earlier 
work gave an excellent set of data on 
large-scale results obtained with a Mond 
producer using coal and steam-fuel ratios 
of 0.2 to 1.55 with the depth of fuel bed 
ranging 3.5 to 7 feet. 

Seigle calculated the possible heat 
yields, calorific values, and gas combustion 
temperatures obtained with producer gas 
derived from 1 kilogram of solid fuel. He 
arrived at the conclusion that, when rais¬ 
ing the hydrogen content of the gas by in¬ 
creasing the amount of steam in the blast 
di equal total heat yield, both the calorific 
value of the gas and the combustion tem- 
l)erature will be lowered. The total num¬ 
ber of heat units obtained per kilogram of 
fuel varied little with increase in hydrogen 
content of gas. High steam additions cut 
down clinker formation and with it fuel 
loss in clinker. Excessive steam reduced 
thermal efficiency. The work of Seigle is 
]»articularly interesting since it is one of 
the first of a number of stoicliiometrical 
and graphical studies of producer per¬ 
formance. 

Haslam and coworkors^® studied experi¬ 
mentally the reactions in gas producers 
^Mth air-steam blast using coke or an¬ 
thracite. The experimental producer was 
''tiidied with a fuel bed 1.5 to 4.5 feet deep 
ha\iiig a firing rate of 10 to 70 pounds of 
luel ])er siiuare foot of grate area per hour. 
Their work has been outstanding in eluci¬ 
dating the jirocesses constituting the mak;- 
ing of up-draft producer gas. Some of 
their conclusions, especially the predomi¬ 
nance of reaction 7 over 6, have been at¬ 
tacked by later authors. It has also been 
claimed that their results are partly ob¬ 
scured by the use of an experimental pro- 

78 Bone, W. A., and Wheeler, R. V., J. Iron 
l^teel Inst. 73, 126-60 (1907), 78, 206-33 (1908). 

74 Seigle, J., Rev. m6t., 18, 608-18 (1921). 


ducer having too small a cross-sectional 
area and hence too great a wall effect. 

Among the conclusions of Haslam, partly 
based on correlation of results of previous 
workers, are the following: 

1. The percentage of undecomposed 
steam, (H 20 )/(H 2 + HgO), is the con¬ 
trolling factor in the carbon monoxide/car- 
bon dioxide ratio of the gas formed, while 
the temperature or pressure of the steam 
has only a minor influence. Figure 5 rep¬ 
resents this relationship. 

2. The air-steam blast is preheated by 
the ashes underlying the oxidation zone. 
Oxygen is consumed within 3 or 4 inches 
of fuel bed, and carbon dioxide at the same 
time reaches a maximum and the monox¬ 
ide begins to appear. It continues to be 
formed until the gases leave the fuel bed. 
Water decomposition starts soon after the 
carbon monoxide reduction and continues 
vigorously for 12 to 14 inches (Fig. 14), 
which Is called the primary reduction zone. 
Above this level, water is decomposed by 
reaction 8 only. In this zone carbon diox¬ 
ide continues to be reduced and heat ex¬ 
change from gas to fuel takes place. Above 
the reduction zones is situated the drying- 
out and carbonization zone, as well as the 
gas zone (Fig. 15). 

3. Increase in the sleam-fuel ratio above 
0.4 causes an increase of carbon dioxide 
and hydrogen, a decrease in the carbon 
monoxide content of gas, a decrease in 
heating value, and a decrease in gas tem¬ 
perature. It also causes a reduction in the 
percentage of steam decomposed, although 
the actual pounds of steam decomposed 
jier pound of fuel will increase. 

4. Increased depth of fuel bed causes an 
increase in steam decomposition. With a 
steam-fuel ratio of 0.40 in the blast the 
amount decomposed was 0.36 pound for a 
7-foot fuel bed, and 0.19 pound for a 3.5- 




. 0 12.7 25.4 38.1 50.8 63.5 76.2 88.9 101.6 124.3 127.0 139.7 Depth of Bed, cm. 

Fia. 14. Composition of gases in the fuel bed of a gas producer. Basis, 100 moles of nitrogen. 
Fuel used, anthracite or coke, and therefore no distillation zone. After Haslam and Russell.*® 


Coal 



Fio. 15. The reaction zones in the fuel bed of a gas producer. After Haslam and Russell.*® 
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foot fuel bedJ® This increase was attrib¬ 
uted principally to a rise in temperature 
with better rates for reactions 3, 6, and 7 
in the reduction zone. The increased tem¬ 
perature was attributed to improved heat 
exchange in the thicker fuel bed. 

5. There is an apparent equilibrium value, 
K\ for (COa) X (Hg): (H 2 O) X (CO) de¬ 
pendent on thickness, L, of fuel bed in feet, 
and independent of gas velocity (through- 
jmt), steam-air ratio, or exit-gas tempera¬ 
ture (X' = 0.096L). The values of (CO 2 ), 
(H 2 ), and (CO) were obtained by an Or- 
sat analysis of the dry gas, and (H^O) was 
the calculated volume of the total moisture 
(including that of fuel) per 100 volumes of 
dry gas. The range of fuel-bed thicknesses 
covered was 3 to 7 feet. It was claimed 
that this equation is accurate to ±10 per¬ 
cent. 

f). Although a steam-fuel ratio of 0.4 is 
best from the point of View of thermal 
efficiency of jiroducer operation, calorific 
value of gas, and efficiency of hot gas, an 
increase of this value to 0.5 or 0.6 is often 
required to suit the fusion point of coal 
ash. 

7. With high gasification rates (up to 70 
poimtls per square foot per hour) the 
maximum temjierature in the reduction 
zone increases. Thus for a 3-foot fuel bed 
the temiierature increased from 1,600 to 
2,400® F for 10- to 70-pound rates; the 
jiercentage decomposition of steam in¬ 
creased from 67 to 97 jiercent; and the 
cold efficiency of the gas rose from 63 to 
74 jiercent. 

Large-scale work in a l^intsch producer 
published by deVoogd is of interest in 
connection with Haslam’s results and Sei- 
gle’s predictions. DeVoogd claimed that 
the cold efficiency need not decrease with 
steam-fuel ratios above 0.4. With higher 

76 DeVoogd, J. G., Het Oas, 48, 214-24 (1928). 


ratios the hydrogen content will be higher, 
as well as the carbon dioxide content, and, 
even if the calorific value of the gas is oc¬ 
casionally lower, the volume of gas made 
may compensate for this and result in a 
better cold efficiency. He compared one 
gas containing 6.5 percent carbon dioxide 
and having 1,071 calories per cubic meter 
with a cold efficiency of 80.9 percent to an¬ 
other gas having 4.3 percent carbon diox¬ 
ide, 1,082 calories per cubic meter, and a 
cold efficiency of 79.8 percent. It was also 
pointed out that increased water content 
of the gas may promote better radiational 
heat transfer of the gas. Higher through¬ 
put was conducive to better efficiency and 
allowed the use of higher oteam ratios. For 
fuel beds 2 to 4 feet high a steam-fuel ratio 
of 0.7 was advocated, having a throughput 
as high as 137 kilograms per square meter 
per hour (28 jiounds per square foot per 
hour). 

An elaborate paper by Ter res and Schie- 
renbeck in 1924 dealt with Neumann's 
work and their own experiments conducted 
on two types of stationary square brick- 
shaft coke producers, one with a horizontal 
grate, and the other with an inclined grate. 
Their conclusions in the light of present 
knowledge are perhaps typical for what 
might be expected with stationary produc¬ 
ers. They claimed that equilibrium was at¬ 
tained for reactions 3 and 6, with only sec¬ 
ondary effects of reactions 7 and 8 in a fuel 
bed 60 centimeters (24 inches) thick. Also 
a reversion of reaction 3 in higher fuel beds 
was claimed. Optimum gas was obtained 
with a steam-fuel ratio of 0.5 to 0.6. The 
ratio between total grate area and shaft 
area should be high enough to avoid very 
definite channeling in the fuel bed. In a 

76 Terrpfl, E., and Schieronbpck, J., Oas- u. 
Wafttterfach, 67, 257-63, 279-82, 296-9, 311-4, 
325-7 (1924). 
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later paper, Terres^^ claimed that for a 
given fuel the efficiency of a producer has 
a maximum for a certain height and diame> 
ter, the diameter being especially signifi¬ 
cant because of difficulty in the air distri¬ 
bution. Values of 7 percent of carbon di¬ 
oxide at the walls, and 4.2 percent carbon 
dioxide in the center were given. Such 
differences were claimed to be due to cool¬ 
ing of the walls. It is believed that the 
influence of too many secondary effects 
confuses the picture of producer reactions 
in this work, sinc§ some of the conclusions 
were retracted in later work of Terres.^c 
Many other papers dealing with the same 
subject have been published.^® 

GRAPHICAL REPRESENTATIONS 

In 1919 Ostwald’® proposed a method 
for the graphical representation of the con¬ 
ditions encountered in producer operation 
utilizing Gibbs’ triangular coordinates. It 
was assumed that carbon is consumed in a 
producer in three ways: 

77Terre8, B., ihid., 71, 1206-18 (1928). 

78 KoBChmieder, H., Brennatoff-Chem., 2, 3-6, 

26-6 (1921). Laffargue, M., Chimie d induatrie. 
Special No., 230-3, May 1924. Hiisson, G., Rev, 
ind. min^rale, 1825, 461-72. Korevaar, A., 
Chem. Weekhlad, 22, 60-73 (1925). Osann, B., 
Stahl u, Eiaen, 45, 1666-8 (1926). Thibeau, J.. 
Rev. univeraelle mines, 6, 313-48 (1926), 7, 
25-42, 74-92, 156-68, 186-99 (1925). De la 
Condamine, C., Chaleur et ind., 7, 343-50, 402- 
10 (1926). Goff, J. A., Ind. Eng. Chem., 18, 
585-8 (1926). Gwosdz, J., Feuerungatcch., 15, 
37-9, 52-5, 63-7 (1926) ; Brennatoff- u. Wdrme- 
wirt., 11, 229-32, 251-4 (1929). Guillon, H., 
Chaleur et ind., », 681-7 (1928), 10, 37-43 
(1929), 11, 298-303 (1930). Bomig, J. W., 
Am. Oo« J., 133, No. 1, 47-9, No. 2, 47-8, No. 3, 
44-6, No. 4, 68, 73-4, No. 6, 45-6, 59 (1930), 
134, No. 1, 54-5 (1931). Lehmann, R., Olas- 
hdtte, 68 , 270 (1933). Wohlsehiager, H., Feuer- 
ungateeh., 26. 102-6 (1938). Mflller, W. J., 
and Graf, E., Brennatoff-Chem., 20, 241-6 

(1939). 

79 Ostwald, Wa., Ghem.-Ztg., 43, 229-31 

(1919) ; Stahl u. Eiaen, 80, 626-6 (1919); 
Feuerungatech., 21, 81-4 (1933); Beitrage zur 
graphiachen Feuerungatechnik, O. Spamer, Leip¬ 
zig, 1920, 85 pp. 


(1) a(C + 02) 

= a CO 2 + a (94,390) calories 
(7) 6 (C -f 2 H 2 O) - 6 CO 2 

4- 6 2Ha - 6 (21,270) calories 
(3) c(CH-C02) 

= c 2CO - c (41,410) calories 

It follows that each point in a triangular 
coordinate system with coordinates a, b, 
and c can be made to represent a condition 
in which the respective fractions a, h, and 
c of 1 mole carbon are gasified according 
to the above equations. Figure 16 repre¬ 
sents such a triangle in which the corners 
A, B, and C represent complete reactions 
according to 1, 7, or 3: A represents com¬ 
plete combustion of carbon with oxygen to 
carbon dioxide and is called the combustion 
angle; B represents completion of reaction 
7 in the water-gas angle; and C is the re¬ 
duction angle. Other possible reactions are 
represented by points in the triangle: e.g., 
C + II 2 O = CO + II 2 is halfway between 
B and C. 

It is a simple stoichiometric problem to 
locate the operating conditions of a pro¬ 
ducer in the diagram if the gas analysis is 
given: 

2 CO 2 + CO - N 2 

a =-r-.r 



CO 

c = —X 


with a + + c = 100. 

The portion DCE of the triangle is gen¬ 
erally unused; it requires carbon dioxide 
addition from other sources than the car¬ 
bon present. The line FG is the so-called 
neutro calorc; to the right of it external 
heat must be supplied, points on FG rep- 
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recent conditions of operation with zero 
overall heat effect. Hence the *^gas trape¬ 
zium’^ ADFG includes all practical condi¬ 
tions of operation. 

Dawidowski®® has given an analysis of 
the Ostwald triangle and included methods 
for the calculation of points if volatile mat¬ 
ter (coal) is present, still further limiting 
the useful area of the triangle to the hexa¬ 
gon KLMNOP. 



Fig. 16. Gasification trapesium and hexagon."® 


Dolinski enlarged the representation 
for better visibility and included sets of 
parallel lines for hydrogen, carbon monox¬ 
ide, nitrogen, carbon dioxide, and oxygen 
percentages as well as for the heating 
values. The importance of gas analysis as 
related to factors concerning producer op¬ 
eration such as steam-fuel ratio and depth 
of charge was discussed in some detail. 
Definite trends of the representative points 
were observed for each type of change. 
Furthermore the graph could be used to 
predict gas analyses from the saturation 
temperature of blast and carbon dioxide 
content of gas and also for a check upon 
the actual gas analysis. 

From the viewpoint of rapid interpreta¬ 
tion of gas-analysis results the graphical 

so Dawidowski, K., Fruerungstech., 2S, 183-96 
(1937) ; Furl, 17, 160-71, 210-7 (1938). 

81 Dolinski, , 1 ., Prezemysl Chem., 11, 757-63 
(1927). 


method has some evident merit. It has 
one drawback in common with all other 
stoichiometric 'Theories” in that it offers 
no deeper insight to the process than is al¬ 
ready inherent in the plain reaction equa¬ 
tions. Several other authors®^ have con¬ 
tributed to the discussions of the Ostwald 
graphical method. 

Seigle used a somewhat different 
method in developing his conclusions 
based upon stoichiometrical results. He 
represented the gas analyses in a three-di¬ 
mensional system having carbon dioxide, 
carbon monoxide, and hydrogen axes. Ap¬ 
plication of the triangular coordinates to 
the manufacture of synthesis gas has also 
been given by Dolch.*® Recently a new 
type of graphical representation has been 
worked out by Fehling.®^ It is based on 
the two principal stoichiometric relation¬ 
ships with 

A moles of O 2 reacting to give CO 2 

I — A moles of O 2 reacting to give CO 

S moles of steam reacting to give 
H 2 , CO (or CO 2 ) 

moles of steam remaining unde¬ 
composed 

The variables are A, S, and S^. From 
these can be determined by latent- and 
sensible-heat calculations the temperature 
t, or the calorific value C, of the gas 
formed. A further relation between A, Sf 
and was derived from the equilibrium 
constants, preferably those of the water- 
gas reaction. 

82Griepe, A. W. H., Am. Gas J., 110, 435-9. 
446-7 (1922). Ruhland, M., Gas- u. Wasser- 
fach, 70, 642-6, 664-7, 686-92, 712-6 (1927). 
Schulze-Manltius, H., Feuerungatech., 21, 65-71 
(1933). Schwarz von Bcrgkampf, E., Z. Elektro- 
chrm., 48. 636-8 (1937). 

ssDoloh, P., Feuerungatech., 27, 1-5, 44-61 
(1939). 

H4Fehling, H. R., J. Inat. Fuel, 14, 39-46 
(1940). 
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Thus three equations, schematically rep¬ 
resented by 

C^Fi(A,S,S^) (I) 

t^F2(A,S,S^) (II) 

t = Fs (A, S, SO from Ks = F(t) (III) 

are available. By eliminating one variable 
between II and III, there is opened the 
possibility of representing the gas condi¬ 
tion at any point in the producer by two 
variables. The net result was expressed in 
a graph (Fig. 17) with the steam addition 
per pound of carbon as abscissa, the gas 
temperature as ordinate. The possible 


conditions in the diagram are delimited by 
an upper line of complete combustion, no 
steam decomposition, and a lower line of 
complete steam decomposition. Lines of 
constant decomposition from 0 to 100 per¬ 
cent and of constant calorific value fill up 
the space between upper and lower bound¬ 
aries in the diagram. The most interesting 
lines running diagonally are those of equal 
air saturation temperature. They include 
(going from top to bottom) the tempera¬ 
ture and calorific values of a gas entering 
with a given air saturation temperature on 
its way up through the fuel bed (reaction 
lines). 




(Adiabatic Process) 

^t/on Steam Decomposition Percent 




0 10 20 30 40 50 60 70 

Steam Addition Percent of Carbon Gasified 


Fig. 17. Equilibrium diagram for an adiabatic gasiiicatlon procoga.^* 
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All the results obtained in the discussion 
of this graph naturally apply only for gas 
in a state of equilibrium, and the reaction 
line will terminate at a point above the line 
of complete steam decomposition due to 
lack of temperature for equilibrium estab¬ 
lishment. Up to 45® C saturation tempera¬ 
ture, the agreement of the graphical results 
with Neumann’s tests is striking; above 
45® C saturation, the equilibrium state (de¬ 
pending on temperature and fuel reactiv¬ 
ity) is seldom reached. The author pro¬ 
posed the term “thermodynamic efficiency” 
of the producer for the degree of attain¬ 
ment of the thermodynamic equilibrium. 
For air gas producers, the thermodynamic 
efficiency may be as high as 95 percent 
with only 60 percent thermal efficiency. 
This work has certain features in common 
with that of Cerasoli and of Coste.®® 


STOICHIOMETRY 

A considerable part of the literature con¬ 
cerned with the producer process consists 
of calculation and recalculation of the basic 
equations of the various reactions involved. 

Seigle has shown that, for a gas 
having a percentage composition of a No, 
c COg, d CO, c H 2 , /1120 vapor, it follows 
from oxygen, nitrogen, and hydrogen bal¬ 
ances that 


4.76 c -h 2.88 d - 0.88 c + / = 100 

P'urthermore, for a gas volume of U cubic 
meter (0°, 760 millimeters) jior kilogram 
carbon 

JJfi 

c -h d 


and the amount, W in kilograms, of steam 
]X‘r kilogram carbon gasified is determined 
from the expression 

Cprasuli, T., Gas- u, Wasaerfach, 70, 508-10 
(1927). 

secoste, P., Rev. 32, 225-9 (1935). 

<17 Seigle, J., Bull. aoc. ind. min6rale, 14, 79- 
108 (1018) ; Rev. wdt., 18, 81-91 (1921). 


W 


186 


c + d 


If c', d', e' are the contents of carbon dioxide, 
carbon monoxide, and hydrogen, respec¬ 
tively, of the gas determined by ordinary 
gas analysis, i.e., after condensation of the 
excess steam, then 


4.76 c' -h 2.88 d' ~ 0.88 e' = 100 


This simple but useful relationship served 
as the basis of a graphical method corre¬ 
lating the various factors influencing gas 
production. However, from it a few far¬ 
fetched conclusions were obtained, some of 
which have been previously cited. 

German methods of calculation have been 
discussed by Brodmann and Schrader.*® 

Walker ®“ has treated gasification reac¬ 
tions in a general manner involving the con¬ 
cept of a combustible agent having a com¬ 
position C^B-yOg which is converted either 
to CO + H 2 directly or to CO 2 + H 2 O with 
a subsequent reduction to CO + H 2 . Steam 
as well as exhaust gases were considered as 
endothermic agents in the producer reac¬ 
tion. All operating factors and resulting 
products were calculated for 100 percent 
producer efficiency, and tabulations were 
given for different fuels by varying x, y, 
and z. In addition to these formal calcu¬ 
lations Walker presented data obtained by 
Swardt oi)erating a ‘‘National” gas pro¬ 
ducer and engine with charcoal and ex¬ 
haust gases as the endothennic agent in¬ 
stead of steam. The conclusions arrived at 
from the calculations were principally that 
the use of exhaust gases instead of steam 
reduces the calorific value of the producer 
gas but tends to produce larger volumes of 
gas of a higher density. The idea of in¬ 
jecting liquid fuel into a producer was con- 

88 Brodmann, L., and Schrader, H., Arch. 
Eisenhuttenw., 8. 133-8 (1929). 

89 Walker, W. J., Trana. Inst. Oheip,. Engra., 
London, 13, 121-30 (1935). 
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sidered in the paper. A similar discussion 
was given by Segal.®® 

Another typical paper on stoichiometry 
and graphical representation of producer 
data is that of Koelsch.®^ His general 
equation for the ideal producer reaction is 
expressed by the following: “ 

C + LXOa-fDX H 2 O 

= (2 - 2L - D) CO 
-}- (2L -f“ D — 1) CO 2 •+■ DHj 

in which L = Xi, the fraction of C consumed 
by the reaction 0 + 02 = CO 2 ; and D = 
2x2) the fraction of C required in the reac¬ 
tion C “b 2 H 2 O = CO 2 4“ 2 H 2 . 

The above equation was used as a basis 
for triangular coordinates, and the usual 
typical lines and points were worked out in 
great detail. In addition methane was in¬ 
cluded in the discussions. It is obvious 
that such work is doomed to be extremely 
limited in scope and cannot go beyond the 
interpretation of operating results. 

MISCELLANEOUS THEORIES 

About 1924 a set of interesting papers 
and a book on producer theory were pub¬ 
lished by Korevaar.®®> Their somewhat 
controversial nature had a stimulating ef¬ 
fect on work undertaken in later years. 

Korevaar, basing his concepts on Le 
Chatelier’s earlier work,®® assumed that a 
producer is a shell filled with a column of 
carbon composed of uniformly distributed 
pieces. The entire zone of combustion 
(oxidation and reduction layers) of carbon 
to carbon monoxide as a whole was as¬ 
sumed to be at a uniform temperature. 

»o Segal, B., J, 8, African Inst. Engrs., 35, 
204-9 (1937). 

91 Koelsch, H., Feuerungstech., 27, 196-201 
(1939). 

92 Korevaar, A., Ohimie d induatrie, 8, 12-15 
(1922) ; Stahl u. Risen, 48. 481-5 (1923) ; Chem. 
WeehUad] 22. 280-5 (1925). 


The carbon surface reacted with oxygen 
from the air at a rate determined by the 
nature of carbon (activity), temperature, 
and oxygen concentrations. At a given air 
rate of x kilogram per minute and with 
sufficient carbon to fill the space, the zone 
of combustion then has a definite height 
and volume V. The air entered the lower 
limiting plane of this volume, and the fin¬ 
ished gas product left at the upper plane, 
the temperature of the entire zone being T. 
Heat was evolved in this zone of combus¬ 
tion only. The activity of the carbon was 
expressed as y kilogram of air used per 
minute per unit of surface area. Factors 
influencing the temperature and volume of 
the combustion zone were: (a) furnace 
factors—size of producer, mode of con¬ 
struction, and type of construction mate¬ 
rials; (b) air factors—^velocity, tempera¬ 
ture, moisture and oxygen of the air; and 
(c) carbon factors—^activity, porosity, size, 
and ash content. In discussing the carbon 
factors Korevaar pointed out that a high 
intrinsic carbon activity tends to accelerate 
all the reactions involved, hence a smaller 
combustion zone volume is required. High 
porosity, similarly small particle size (large 
surface area per unit weight), and low ash 
content (diluent) have the same net efi’ect. 

Assuming that the heat introduced by 
the air is A, the heat liberated from carbon 
combustion is B, the heat introduced by 
preheated carbon entering from above the 
combustion zone is C, the heat removed by 
the evolved gases is D, neglecting ash, 
there is left per minute in the combustion 
zone an amount of heat 

A A" B C — D = tt 

and since it maintains a steady state condi¬ 
tion, where F is the heat loss, 

a^F 
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The hot gases traversing the combustion 
zone lose heat by conductivity and radia¬ 
tion, and it was assumed that the gas and 
carbon were more or less at the same tem¬ 
perature. Evaluating the various factors 
involved in the heat balance, the following 
expression for the steady state of dynamic 
equilibrium in the producer was obtained: 

x{407 + 0.24t - 0.265r) 

K{T - To) 

where 0 is the surface of the cylindrical 
wall surrounding the combustion zone; x, 
the kilogram air blast per minute; t, the 
air temperature; T, the combustion zone 
temperature; To, the temperature of the 
surrounding wall; and K, the heat transfer 
coefiicient of the gas to the wall. From 
this equation one readily observes that, 
for constant x and t, 0 becomes smaller for 
increasing T, which results from variation 
in the carbon activity. This was called the 
“law’’ of heat comiiression. Burning car¬ 
bon in a gas producer with constant air 
factors, hence constant fuel consumption, it 
follows that a higher temperature can be 
obtained in a smaller volume by using 
more active carbon, more porous carbon, 
smaller-sized carbon, or carbon with less 
ash. 

In developing further the kinetics of his 
theory, Korevaar obtained a curve for the 
oxygen and carbon dioxide content of the 
gases along the vertical axis of the pro¬ 
ducer. With lower temperatures in the 
combustion zone and larger volumes, the 
carbon dioxide content of the gas eventu¬ 
ally increased; normally the combustion 
zone was smaller than the actual carbon 
column and the carbon column had to be 
varied according to the combustion zone. 
With too high a carbon column, again a 
slight increase in carbon dioxide content of 
the gases resulted from the reversion of 


reaction 3. Different cases were discussed 
in which the total height of carbon column 
was less than the combustion zone. This 
resulted in incomplete carbon dioxide re¬ 
duction. A new explanation was derived 
for the results of the experiments of Kop- 
pers with furnaces in which cokes of dif¬ 
ferent activity were used, and the essential 
features of cupola operation could be ex¬ 
plained upon this basis. 

If the air factor is varied (air rate x 
raised), it is difficult to predict from the 
basic equation whether 0 should increase 
or decrease. Increasing x tends to raise T, 
thereby compensating the direct effect of 
X upon 0. There is, however, a maximum 
value for T depending upon the combusti¬ 
bility of the carbon, and above this T^ax 
increasing x will, of course, cause expansion 
of the combustion zone. As to the air tem¬ 
perature t, its effect is the same as that of 
increased carbon activity. Increasing t 
causes 0 to decrease to a minimum while 
T tends to increase. Water vapor in the 
air enlarges the combustion zone. The fur¬ 
nace factors K and the diameter D affect 
the heat zone in such a manner that, for 
a constant height and constant air rate, the 
temperature T increases with increasing D 
or decreasing K. 

A number of commonly known effects 
were explained by Korevaar. Preheated 
blast in high shaft producers results in 
lower top tem])eratures owing to the de¬ 
creased height of combustion zone, whi(;h 
in turn increases the height of the super¬ 
imposed heat-exchange zone. With suffi¬ 
cient basic data the equation for 0 may be 
used for producer design. 

Korevaar’s work is open to criticism on 
several grounds, primarily because pertinent 
theoretical data were lacking or not real¬ 
ized at the time of his work. A few con- 

98 Hoppers, H., Stahl u. Eiaen, 42, 569-73 
(1922). 



1624 


PRODUCERS AND PRODUCER GAS 


troversiaJ issues brought forth by more re¬ 
cent work are: (1) as temperature plays a 
role only in the reduction zone, the effect 
of the air rate is confused; (2) more recent 
work shows a contraction of hot zone with 
increased air rate; and (3) at the tempera¬ 
tures prevailing in the larger part of the 
combustion zone, differences in the activity 
of the carbon species are not pronounced. 
Even if more recent work has superseded 
Korevaar’s conclusions in some respects his 
conception of a fuel bed has very distinct 
merits. It should also Ixj kept in mind 
that several questions raised by Korevaar 
are as yet unsolved. 

An interesting study of producer reac¬ 
tions has been published by Walker, Lewis, 
McAdams, and Gilliland*’^ in an effort to 
build up a quantitative relationship among 
the three principal factors of a producer, 
blast rate, height of fuel bed, and steam 
ratio in blast. Noting that for reactions 3, 
C -h CO 2 , 6, C + H 2 O, and 7, C -f- 2 H 2 O, 
the reaction-rate constants Xq, and K^i 
remain in about the same ratio between 

I, 000 and 1,200® C, there was derived from 
Haslam’s work the relation 

/^\ 1.319 

l.Olr = a; -f (26.9 - jcq) ( - j 
in which v is the carbon monoxide content 

^ = r [2,580,000 - (920 + 9x„){t - <.) 

of the gas, x the undecomposed steam of 
the gas, and x^) the steam used in the blast, 
all calculated as parts per 100 parts of 
nitrogen. 

Carbon dioxide values calculated from 
X and Xq are often low as the result of the 
Neumann reversal reaction of CO = CO^ 
-f C and continuation of reaction 8, CO -f 

94 Walker, W. H., Lewis, W. K., McAdams, W. 

II. , and Gilliland, E. R,, Principles of Chemical 
Engineering, McGraw-Hill Book Co., New York, 
11)37, 749 pp. 


H 2 O = CO 2 + H 2 , after other reactions 
have stopped. It was claimed that for 
coke producers the calculatiOd carbon diox¬ 
ide values agreed with experimental values. 
For coal producer gas the actual carbon 
dioxide values were 3.6 units higher, and a 
modified equation was proi)osed for cor¬ 
rection. Figure 18 depicts the relationship 
between the undecomposed steam and the 
V value doubly corrected. Surprisingly, a 
similar set of curves will follow from the 
assumption that the composition of gas 
leaving the fuel bed follows the equilibrium 
of reaction 8 at 2,CXX)® F with Kp = 2. 
These curves enable an-operator to check 
his analysis with what should be expected 
for known values of x and %. Conversely, 
for a known ga.*:, analysis, it is possible to 
predict the values for x and a-Q. 

The further study of the producer proc¬ 
ess by these authors was based upon the 
following concepts. It wtis assumed that 
100 moles of nitrogen enter a producer 
with 26.6 moles of oxygen and burn to 
carbon dioxide in the oxidation zone. At 
some level in the reducing zone at tempera¬ 
ture t, the heat current flowing upward 
consists of three principal quantities sum¬ 
marized by the expression 

— 34,OOOgo — z)] (heats in Chu, t in °C) 

in which Q is the amount of heat (Chu); 
0, the time in hours; A, the area in s(juare 
feet; r, the number of moles of nitrogen 
rising per hour jier square foot divided by 
100; Jo, the moles of steam entering with 
the air; the temperature of the ma¬ 
terials entering the producer; Zq, the total 
moles of initial carbon dioxide 4- steam; 
and z, the unreduced portion of carbon 
dioxide -h steam. 

The first term, 2,580,000, represents the 
heat of combustion of carbon with 26.6 
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molos of oxygien; the second term, (9204- 
9 jo) {t-to), includes the specific heats of 
nitrogjon + carbon dioxide — carbon (740 
+ 305 — 125) plus steam (9a:o) times the 
temiierature above the datum level; the 
third term in the equation represents the 
heat ponsiimed by carbon dioxide and 
i\ater reduction below the level under con¬ 
sideration. This term is equal to 34,000 
times the portion of the carbon dioxide and 
water reduced. 

Introducing the thermal conductivity a 
I >3 means of the expression 

Ae °'dL 

where L is the vertical dimension, and the 
reaction rate r by 


the above equation was integrated after some 
approximation to 

(.6(0 = 1^5 In + 34,000(2 o - Si) J 

In this equation, h is 0.006 — 0.007, A' is a con¬ 
stant dciiending on the type of fuel used, and 

B is 2,580,000 - (920 + Oiq) 

— 34,000^0. The subscripts 0 and 1 in the 
equation refer to the conditions at the bot¬ 
tom and the top of the reducing zone re¬ 
spectively. 

Qualitative interpretation of these equa¬ 
tions by the authors resulted in the follow¬ 
ing conclusions: 
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1. The rate of operation r increases as 
the square root of the exponential function 
of the left-hand side, i.e., not as rapidly as 
would follow for the increase in reaction 
rates based on temperature of the oxida¬ 
tion zone alone. 

2. With an increase in temperature, both 
rate and steam and carbon dioxide decom¬ 
position (first power) improve and there¬ 
fore the steam rate may be increased if 
desired. 

3. The value of Zq ~ z, representing moles 
CO 2 + HoO reduced per 100 mole N 2 , is 
found sur])risingly constant (for cold air- 
steam it is about 30), the value decreasing 
slightly with increasing steam-air ratio and 
increasing with preheating of the blast. At 
250® C blast temperature Bone and Wheeler 
obtained a value of 42, at 80® C Haslam 
found 31, both in fair agreement with 
values calculated from the above equations. 
Approximately, the reduction obtained in 
a producer, if the full bed is of adequate 
depth, is expressed by 

zo - 2i = 54 - 0.04x0 - 0.018(<i - ta) 

where temperature is expressed in Fahren¬ 
heit degrees. Generally the value of ti 
will vary with the depth of fuel bed from 
1,100 to 1,500° F. The computation 
method of Walker and coworkers is so far 
the‘most instructive one and amplifies the 
work of Korevaar in a quantitative man¬ 
ner. 

For producers operating with solid-ash- 
removal systems, it is evident that the 
benefits of increased temperature of oxida¬ 
tion zone are only limited by the necessity 
of keeping the ash from fusing into large 
blocks of clinker. Rather than allowing a 
temperature rise to occur at increased 
rates, it is found most practical to increase 
the steam-air ratio. 

One statement made by the same au¬ 
thors, that best operating conditions are 


obtained with a relatively thin fuel bed 
run at slow rate,®® is somewhat question¬ 
able in the light of their own theories. 

Among other work dealing with predic¬ 
tions of producer reaction may be men¬ 
tioned that of Laffargue^® and that of 
Coste.®® In a brief thermodynamic study 
Coste calculated the equilibrium conditions 
to be expected for various steam-air ratios 
at different temperatures. This type of 
calculation (see also Cerasoli for water gas) 
is limited in its usefulness because actually 
equilibria are hardly ever attained.®® 

Paquay has discussed the different 
thermodynamic features and their practi¬ 
cal application to the producer process. 
He set forth a theory of producer reactions 
in which the beneficial effect of high blast 
rates was especially stressed. High blast 
rates result in a concentration of heat at 
the boundary line between oxidation and 
reduction zone, since heat loss away from 
the producer is relatively less as well as 
heat transmission from this boundary to 
the other parts of the fuel bed. As a re¬ 
sult the temperature at the boundary in¬ 
creases to 1,200® C or more to give ex¬ 
tremely rapid reduction of carbon dioxide 
as exemplified in the Gohin producer and 
in the blast furnace. Another advantage 
of the rapid blowing rate is relatively less 
opportunity for the carbon monoxide to 
carbon dioxide dissociation to occur. It was 
pointed out that ash fusion takes place 
principally at the boundary line between 
oxidation and reduction zone. 

Thring®® has discussed fuel-bed condi¬ 
tions and considered temperature, gas ve¬ 
locity, particle size, and fuel reactivity as 
the four principal factors in the producer 

95 See p. 227 of rof. 94. 

9 tt Cf. ref. 84. 

OT Paquay, H., Chaleur ct ind., 20, 263-70, 
310-22 (1939). 

98 Thring, M. W., J. Inst. Fuel, 14, 47-62 
(1940). 
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process. Unpublished curves of L. H. F. 
Nicbolls on the change of carbon dioxide 
reduction rate in the fuel bed with tem¬ 
perature indicated a 1.5 to 2 fold increase 
in rate with each 100® C rise. The out¬ 
standing primary effect of temperature on 
the reduction process (even if this is no 
longer the only means of carbon monoxide 
formation) is thus evident. Gas velocity 
was shown to be principally effective 
through its effect on temperature: higher 
gas velocity means relatively less heat loss 
through the walls, hence higher bed tem¬ 
perature. The effect of heat loss from a 
fuel bed was found to be especially large at 
that point in the bed where the carbon 
dioxide content is at a maximum, indicat¬ 
ing that a large part of the energy of the 
gas is carried as sensible heat. 

SUMMARY OP CONVENTIONAL PRODUCER 
PRACTICE AND ITS VARIATIONS 

All the work dealt with up to this point 
is concerned with what might be called 
the conventional theory of producer oper- 
alion. Briefly the outcome of the investi¬ 
gations can be summarized as follows: 

A simple up-draft producer is operated 
with a carbonaceous fuel and cold air bla.st 
to which usually steam is added. The pur¬ 
pose of steam additions is (1) to reduce 
the temperature of the combustion zone 
in order to regulate the size of the ash 
particles and to reduce heat losses; (2) to 
increase the ^^cold’^ efficiency of the pro¬ 
ducer by converting more of the sensible 
heat of the gases produced into available 
heat of combustion of the gas; and (3) to 
modify the burning characteristics of the 
gas. Excessive steam is detrimental to effi¬ 
ciency because of excessive cooling of the 
fuel bed and increased sensible heat car¬ 
ried away by the undecomposed steam. 
The practical optimum for operations re¬ 
quires from 0.4 to 0.7 pound of steam per 
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pound of fuel, depending upon the rate of 
operation of the producer. 

Among the variables affecting the ther¬ 
mal yield of a producer operating with a 
given fuel, two factors are outstanding: 
(I) the rate of firing; and (2) the height 
of the fuel bed. These operational factors 
influence directly the height and tempera¬ 
ture of the reduction zone and conse¬ 
quently the extent to which carbon dioxide 
and water are reduced, which, in turn, de¬ 
termines the portion of sensible heat con¬ 
verted to chemical energy in the gases pro¬ 
duced. Generally an increase in the rate 
of firing tends to increase the temperature 
of the combustion zone but does not affect 
its height. For the same height, increased 
rates of firing permit the use of additional 
steam in the blast. Increased height of 
fuel bed improves the heat exchange be¬ 
tween fresh fuel and gases, thereby raising 
the temperature of the reduction zone. De¬ 
pending on fuel size and combustibility, 
there is generally a minimum height of fuel 
bed necessary to insure the maximum re¬ 
duction. The temperature at the top of 
the fuel bed should be below that required 
for carbon dioxide and water reduction. 
The allowable temperature of the fuel bed 
depends on the fusion point of the fuel ash 
and in normal practice ranges from 1,800 
to 2,800° F while the minimum height of 
fuel bed ranges from 2 to 6 feet for the 
majority of fuels in common use. 

In the foregoing discussion, it was as¬ 
sumed that the fuel bed was maintained 
in a uniform condition, and that the boun¬ 
daries of the various zones were as nearly 
as possible horizontal. This precludes the 
presence of ^‘blow holes” through which 
oxygen or carbon dioxide bypasses all or 
part of the fuel bed. With the exception 
of minor details there is a fair agreement 
on all the above points in the conventional 
producer reaction mechanism. 
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It might be pointed out, however, that 
to date no final satisfactory quantitative 
theory of the producer mechanism exists. 
Such a theory requires complete knowledge 
of the kinetics of the individual reactions 
involved and of the physical phenomena 
occurring. The existing knowledge of the 
former has been discussed in a previous 
chapter; knowledge of the latter, including 
factors such as aerodynamics of gases in 
beds of fuel and heat transfer between gases 
and solids, is as yet incomplete. Efforts to 
calculate the reactions in fuel beds similar 
to those made by Mayers®® deserve ex¬ 
tension to producer conditions. Specific 
comments pertaining to this subject have 
been made by Gumz.^®® A paper contain¬ 
ing some forty-four references by Ro.sin 
dealing with the aerodynamics in fuel beds 
is of especial interest in this respect. An 
initial effort to such a calculation is con¬ 
tained in a paper by Thring ®® The aero¬ 
dynamics of the fuel bed of portable pro¬ 
ducers has been studied by Bennett and 
Brown.^®^ 

The foregoing brief summary has con¬ 
formed to the conventional theory, assum¬ 
ing more or less separate oxidation and re¬ 
duction zones with primary carbon dioxide 
formation. A large portion of this conven¬ 
tional theory may have to be radically re¬ 
vised. An acceptable producer theory calls 
for a simultaneous primary production of 
carbon monoxide and carbon dioxide, the 
secondary reduction of the dioxide being a 
process of lesser significance. Original ex¬ 
ponents of this newer theory are several 
Russians, and arguments in favor of this 

09 Mayors, M. A., Trans. Am. 8oc. Mech. 
Engrs., 59, 279-85 (1937). 

100 Qumz, W., Fcuerungstech., 27, 97-9 (1939). 

101 Rosin, P. O., J. Inst. Fuel, H, 26-41 
(1937). 

102 Bennett, J. G., and Brown, R. L., Oas J., 
282, 378, 383-6 (1940) ; J. Inst. Fuel, 13, 232- 
40 (1940). 


theory are now also being gathered from 
the work of previous authors. The ^'single- 
•zone’* theory requires the primary monox¬ 
ide formation to a smaller or larger extent 
chiefly dependent upon the rate of gas 
flow" past the fuel particles. Grodzovskii 
and coworkers have proposed it, and 
Karzhavina ^® has given additional experi¬ 
mental support. The principal reason for 
its belated ap]iearanee maj^ be attributed 
to the difficulties arising in sampling gases 
from hot fuel beds, a factor which fre¬ 
quently in the past has prevented detection 
of the simultaneous presence of carbon 
monoxide and oxygen, owing to their re¬ 
action in the sampling’ tube. High-speed 
gasification in vehicle producers has given 
further impetus to this development. 
Bangham and Bennett have published a 
brief review of the old and new theories 
in which they set forth two significant fac¬ 
tors explicable on the basis of the single¬ 
zone theory. The two factors arc: (1) 
measured temperatures in the ‘‘oxidation 
zone” are never as high as would be ex¬ 
pected from the complete oxidation of car¬ 
bon to carbon dioxide, nor is the drop in 
temperature in the reduction zone as 
abrupt as would follow from the reverse 
endothermic reaction 3; and (2) fuel con¬ 
sumption takes place only in the first few 
centimeters of the fuel bed wilh high-speed 
producers. 

The single-zone theory is ;is yet in its 
infancy, and the proper compromise be¬ 
tween conventional and new theory requires 
additional study. Gwosdz has discussed 
the combustion in vehicle producers along 
conventional lines. He did not concede 
primary carbon monoxide formation. 

The efficiency and capacity of the up- 

i»3 Bangham, D. H., and Bennett, J. G., Fuel, 
19, 9.5-101 (1940). 

104 Gwosdz, J., Brennstoff-Chem., 21, 145-51, 
269-73 (1940). 
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draft type of producer is limited by the 
following requirements: (1) the discharge 
of solid ash, which in turn limits the tem¬ 
perature of the fuel bed; (2) the use of 
air with 79 percent inert nitrogen as the 
oxygen carrier; (3) the height of the fuel 
bed, which determines the back pressure 
to the blast and affects the power require¬ 
ments for a given producer; and (4) the 
rate of reduction of carbon dioxide and 
water using the customary fuels. It is 
obvious that one or several of these re¬ 
quirements must be eliminated if the ca¬ 
pacity or efficiency is to be increased. Such 
modifications of producer characteristics 
may be subdivided^ into fuel changes, blast 
changes, or design changes. Among the 
])ossible variations of the fuel that are of 
interest are the addition of catalysts to the 
fuel and the use of highly combustible 
fuels, finely divided fuels, or underground 
fuel beds in situ. Blast changes include the 
use of air with more than 21 jicrcent oxy¬ 
gen or of pure oxygen, or preheated blast 
gases, high-velocity blast injections, and the 
addition of carbon dioxide instead of water 
to the blast. Design changes include heat 
insulation of the fuel bed and removal of 
ash in liquid form. 

A number of the above-mentioned 
changes have been made in producers and 
related equipment utilized for complete 
gasification. In several instances, their 
operation and design extend be>’ond the 
boundaries of the available theory, and 
these developments justify a brief discus¬ 
sion. In this manner deficiencies of the 
existing theoretical knowledge may be 
brought to light. 

Other developments in producer design 
and operation that are of theoretical inter¬ 
est are those intended to adapt the prin- 
cijile of total gasification to special fuels, 
resulting in their most efficient utilization. 
Examples of such developments are the 


down-draft producer suitable for coals with 
high-volatile-matter contents, and the 
Mond producer with byproduct recovery 
from the gasification of coal. 

Producer Operation 
USE op oxygen in producer blast 

The addition of oxygen to the air used 
for producer-gas manufacture or the sub¬ 
stitution of oxygen for the air has obvious 
advantages. These have long been realized, 
but economic limitations have prevented 
the use of oxygen from becoming common 
practice. 

With air blast alone, perfect gas produc¬ 
tion (air gas) will correspond to the com¬ 
pletion of the reaction C + V 2 O 2 = CO, the 
maximum possible cold efficiency being the 
ratio 67,900/94,390 or 72 percent. The 
remaining 28 percent of the heat of com¬ 
bustion of carbon is lost partly as radiation 
and partly as heat earned away by the 
hot gases. An average value for the radia¬ 
tion loss is about 5 percent, for the sen¬ 
sible heat carried away by the gases about 
23 percent of available heat, corresponding 
to a temperature of about 1,900° F for the 
gases leaving the producer. The approxi¬ 
mate composition of the gas produced is 
35 percent carbon monoxide and 65 per¬ 
cent nitrogen, gross heating value 111 Btu 
I)er cubic foot (at 60° F, 30 inches of mer¬ 
cury, saturated). When a proper amount 
of steam is added to the air blast the heat 
balance is slightly shifted. The radiation 
loss remains approximately the same; the 
sensible heat carried away by the gas is 
reduced to about 13 percent; the cold 
efficiency is raised to 82 percent; and the 
outlet gas temperature is reduced to 
1,200° F. The gross heating value of this 
gas is about 130 Btu per cubic foot. 

The substitution of oxygen for air 
changes the picture. For operation with- 
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out steam the maximum possible cold effi¬ 
ciency remains unchanged, and the gas 
made under perfect conditions is 100 per¬ 
cent carbon monoxide, having a gross heat¬ 
ing value of 317 Btu per cubic foot. De¬ 
pending on radiation losses which may be 
higher on account of higher operating tem¬ 
peratures, the gas temperature will increase 
to approximately 2,500® F. 

For operation with steam, the cold effi¬ 
ciency with the optimum amount of steam 
increases. Assuming the radiation heat loss 
to be 5 percent of the heat available in the 
fuel, and the temperature of gases 1,200° F, 
the cold efficiency is 88 percent. The sen¬ 
sible heat carried away in the gas is 7 per¬ 
cent; the gas composition is 75 percent 
carbon monoxide and 25 percent hydrogen, 
which has a gross heating value of 317 Btu 
per cubic foot. The above quantities are 
“perfect^^ values and are based on the as¬ 
sumption that all carbon dioxide is reduced 
to the monoxide, and all water to hydrogen. 
It remains to be seen to what extent these 
values can actually be realized. 

Few developments in producer operation 
have been discussed in years past with 
more optimism than oxygen blast. High 
oxygen content of the blast when used in 
an ordinary up-draft type producer pro¬ 
vided with solid-ash-removal mechanism 
tends to raise the fire temperature. Hence 
more steam has to be used per unit of fuel 
to maintain the fuel-bed temperature be¬ 
low the ash-fusion point. Whereas the 
above ideal figure includes a balanced con¬ 
dition of the heat effects at 0.5 pound of 
steam per pound of carbon, the actual 
amount required may be twice as high. As 
a result the amount of carbon dioxide and 
undecomposed steam in the final gas will 
be appreciable. On the other hand, the 
relative conditions in the reduction zone 
will be more favorable than in air-steam 
operation. The temperature of the reduc¬ 


tion zone will be higher because of better 
heat exchange between gas and fuel, tend¬ 
ing to make the reduction equilibrium more 
complete. The height of the reduction 
zone will tend to be less, again improving 
heat exchange in the upper layers. An 
unfavorable factor appearing in operations 
without inert nitrogen is the increased car¬ 
bon dioxide partial pressure of the gases 
entering the reduction zone. Owing to the 
expansion in volume from the reaction 
CO 2 + C = 2CO there is a tendency for 
the reaction equilibrium to be displaced to¬ 
wards the carbon dioxide side at higher 
carbon dioxide pressures. This effect is to 
some extent counteracted by the increased 
temperature effect which promotes more 
complete reduction. 

Among the earlier advocates of oxygen 
blast in producers are Hodsman and 
Cobb,^°® as well as Jefferies^®® and Wil- 
lien.*®^ Some preliminary work has also 
appeared in a report of the U. S. Bureau 
of Mines.^®® In later j^ears, the oxygen 
gasification was tested out with indifferent 
results by VandaVeer and Parr.'®® A semi¬ 
commercial installation for oxygen gasifi¬ 
cation, described by Frey,^^® was operated 
for some tune at Worcester, Mass. Other 
test work at Schenectady was reported by 
Knowlton.^^^ Evidently mechani(‘al diffi¬ 
culties discouraged further pursuit of this 
work. 

106 Uodsman, H. J., and Cobb, J, W., Trans. 
Inst. Oas Engrs., 18, 431-52 (1919-20) ; Ga« J., 
150, 640-7 (1920). Hodsman, H. J., Gas World, 
72, 492-602 (1920) ; Gas J., 153, 92 (1921). 

lOb Jefferies. B. A. W., Gas Age, 47, 145-50 
(1921) ; Gas Record, 10, 46-55 (1921). 

107 Willlen, L. J., Proc. Am. Gas Assoc., 1023, 
960-74. 

J 08 Davis, F. W., U. 8. Bur. Mines, Repts. In¬ 
vestigations 2502 (1928), 48 pp. 

109 VandaVeer, F. E., and Parr, S. W., Ind. 
Eng. Chem. 17, 1125-6 (1926); Fuel, S, 809-14 
(1926). 

110 Frey, A. C., Proc. Am. Gas Assoc., 1025, 
1223-82. 

111 Enowltun, L. E., ibid., 1020, 1226-9. 
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The theoretical aspects of oxygen gasi¬ 
fication were studied by Cerasoli®® from 
the viewpoint of waste oxygen utilization. 
Cerasoli calculated the equilibrium compo¬ 
sition of gases formed from HgO 4- Og + C 
at different temperatures. Interesting as 
the results may be, they are obviously only 
idealized cases, since equilibrium in the gas 
phase itself hardly takes place at the oper¬ 
ating temperatures used, let alone equi¬ 
librium between solid and gas. 

Especially in Germany, a number of 
processes of gas manufacture have come to 
ij successful development in which an oxy¬ 
gen blast is employed. This work was 
made feasible by improved and cheaper 
processes in the production of oxygen, by 
the use of regenerators for cold recovery 
as in the Linde-Fraenkl process, and also 
by the availability of byproduct oxygen-air 
mixtures resulting from nitrogen manufac¬ 
ture. The processes produced gas partly 
for the use as city gas and partly for 
chemical synthesis. This type of process is 
essentially continuous water-gas manufac¬ 
ture. Experimental work on such pro¬ 
ducers has been described by Drawe,^^- 
and its developments have been reviewed 
by Millett.^^^ In preliminary work, a 10 
square feet generator burned lignite bri¬ 
quets for fuel with a deep fuel bed; steam 
to oxygen ratios were 2.0 to 3.4. A gas of 
325 Btu content was made containing 13.2 
l)ereeiit carbon dioxide, requiring 55 cubic 
feet of oxygen per therm at a gasification 
rate of 31 pounds per square foot per hour. 
In a later paper were given results of the 
final i)lant (Lurgi type) operated on lig¬ 
nite under a pressure of 20 atmospheres, 
at a rate of 155 pounds of fuel per square 

iizDrowe, R., Oas- u. Waaaerfach, 09* 1013-5 
(1926), 7C. 541-5 (1933), 80. 806-10 (1937) ; 
Gaa J., 203, 95 (1933) ; Arch. Wdrmewirt., 19, 
201-3 (1938). 

113 Milieu, H. C., J. Jnat. Fuel, 10, 15-21 
(1936). 


foot per hour with steam superheated to 
500® C. The generator, of 12.9 square feet 
area, had a capacity of 340,000 cubic feet 
of 494-Btu gas per day. The requirements 
in this generator per 1,000 cubic feet of 
440-Btu gas were 150 cubic feet of oxygen 
and 58 pounds of steam. Dried pieces of 
lignite containing 67.5 percent combustible 
matter equivalent to a coke content of 44.9 
percent served as fuel. 

There is a vast difference between the 
original and the final figures, and very in¬ 
teresting developments were made to bring 
this about. The operating pressure of the 
producer was raised from atmospheric to 
20 atmospheres. This pressure favored the 
formation of carbon dioxide in the fuel bed 
but at the same time it promoted the for¬ 
mation of methane and thus raised the 
heating value of the gas. Furthermore, 
the high pressures caused higher fuel-bed 
temperatures, and less oxygen was re¬ 
quired; per therm of gas the amount of 
oxygen necessary at 1 atmosphere was 47.7 
cubic feet, and at 20 atmospheres 19.8 
cubic feet. The crude gas made was read¬ 
ily purified at the high pressure by water 
scrubbing. A typical analysis before and 
after scrubbing is: 



Before 

After 

CO 2 -1- HaS 

30.6 

3.0 

Illumiiiants 

0.6 

0.5 

O 2 

0.1 

0.1 

CO 

16.5 

22.8 

H 2 

34.0 

48.7 

CH 4 

16.3 

22.6 

N 2 

1.9 

2.3 

Gross heating value, Btu 



per cubic foot 


484 

The gas left the producer at 250 

to 300® C 


for the usual fuel with 20 to 25 percent 
moisture, and up to 500® for dry fuels (5 
percent water). It was assumed that in 
the lower part of the fuel bed hydrogen, 
carbon monoxide, and carbon dioxide were 
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formed and the highest temperature pre¬ 
vailed. Higher up in the bed at 700 to 
800® C the reaction 

CO -|“ 3H2 ~ CH4 -j- H2O -j- 49,270 calorics 
took place. 

Additional data on the Lurgi process 
have been given by Hubmann and by 
Danulat.^^^ The effect of pressure on gas 
composition and heating values is shown 



ash partly sinks in the fuel bed, partly fol¬ 
lows the gas stream as fly ash. It is 
claimed that a gas containing 43 percent 
carbon monoxide, 45 percent hydrogen, 2.5 
percent carbon dioxide, free of methane, is 
formed. The blast for these generators is 
air-steam or air-oxygen-steam. It was 
stated by Bosch that, with air and a 
little steam, a power gas is produced; with 
oxygen-nitrogen mixtures containing 50 



Fig. 19. Composition of the crude gas (A) and of the pure gas {B) as a function of the gasifica¬ 
tion pressure. After Danulat.“* 


in the curves of Fig. 19. The practice is 
to mix the oxygen with steam, superheated 
to 500® C, and introduce it into the pro¬ 
ducer, where the pressure is normally car¬ 
ried at 20 kilograms per square centimeter. 

A somewhat different apparatus for 
total gasification with steam and oxygen is 
the Winkler generator of the German LG. 
Using dry fuel (lignite) in finely divided 
form and a fairly high blast rate, the fuel 
bed, 1.2 to 2 meters high, is kept in a 
quasi-liquid condition at a uniform tem¬ 
perature of about 1,100 to 1,200® C. The 

114 Hubmann, O., Metallgea. Periodic Rev, 8, 
9-15 (1934). Danulat, F., Mitt. Metallgea., 
No. 13, 14-22, 1938. 


percent by volume of oxygen and steam, 
a gas suitable for ammonia synthesis is 
formed; with pure oxygen and ample 
steam high-hydrogen gases are made. No 
hydrocarbons are formed in any case. 
With shaft areas of 20 square meters the 
g.as capacity for this type of producer is 
as high as 75,000 cubic meters per hour. 
Several modifications of the process have 
been described by Dolch.®^ The capacity 
of Winkler producers is as high as 750 tons 
of lignite per 24 hours for a producer 12 
square meters in area. The Winkler pro¬ 
ducer compared to the Lurgi producer is 

115 Bosch, C., Ohem. Fabrik, 7, 1-10 (1934). 
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a high-temperature producer. Grimm 
has reviewed the principles of Winkler pro¬ 
ducer operation and mentioned its pos¬ 
sible applications to bituminous coals. 

In a discussion of steam-oxygen opera¬ 
tion Gwosdz®®'^^^ pointed out the larger 
amounts of steam required by Drawe to 
keep the ashes from clinkering. Owing to 
this factor the carbon dioxide and unde¬ 
composed steam contents of the gas are 
high, resulting in low efficiencies. Similar 
discussions have been given by Von Ga- 
loczy in an elaborate review of the work 
of Vanda Veer and Parr,^o® Cerasoli,®*'^ and 
Drawe.^^^ It was shown that the results 
of the former investigators are unreliable 
because of excessive heat loss through the 
walls of the producer with resultant pro¬ 
gressive cooling of the fuel bed below 
proper operating temperatures. Von Ga- 
loczy assumed that according to Cerasoli^s 
calculations the basic equation for steam- 
oxygen operation at best efficiency should 
be 

3C + O 2 -h 1120 = SCO + H 2 

indicating a 1 ; 1 ratio of oxygen to steam 
volumes. This ratio will naturally result 
in slagging of the ashes, at a fuel-bed tem¬ 
perature (calculated) of 1,450° C. For 
solid-ash-removal operations the ratio of 
oxygen to steam is generally 1 : 2 or higher. 
I'he logical solution for oxygen-ste;im oper¬ 
ation with slagging ash was worked out in 
an experimental api)aratus at Tcrni, Italy. 
Evidently mechanical difficulties were ex¬ 
perienced with this installation. An alter¬ 
native method of operation, removal of the 
ash as dust in the gas, has been described 
in a patent 

116 Grimm, H. G., Proc. Srd Intern. Conf. 
Bituminous Coal, 1, 874-81 (1931). 

iiTGwoadz, J., ibid., 1, 809-39 (1931). 

118 Von Galoczy, Z., Trans. 2nd World Power 
Conf., Berlin, 2, 176-200 (1930). 

110 Societa italinna ricerche indiistriali, Brit. 
Pat. 306,959 (1930). 


In a later paper Von Galoczy dis¬ 
cussed at length the application of oxygen- 
blown producer gas to city use with its 
economies. An application of his system 
of gas production in the Thyssen-Galoczy 
producer has been briefly described by 

Paschke.^21 

Von Galoczy pointed out that the reac¬ 
tion of oxygen with carbon takes place at 
temperatures insufficient for proper steam 
decomposition. Hence the results obtained 
with an oxygen-steam blast are unsatisfac¬ 
tory, especially if the fuel-bed temperature 
is kept relatively low in order to keep the 
ash from fusing. In the proposed pro¬ 
ducer, the oxygen-steam mixture was pre¬ 
heated to a temperature adequate for steam 
decomposition and above the ash-fusion 
point by burning in it part of the fuel gas 
made. This process took place in pre- 
combustion chambers situated outside the 
producer proper. The hot combustion 
gases then entered the gasification shaft 
for simultaneous reduction of carbon diox¬ 
ide and water, with slagging operations. 
This process was called high-temperature 
oxygen operation (1,800°) as compared with 
the low-temperature operations described 
by Drawe,”^ Strada, and others.^^^ It 
was claimed that in the lower part of this 
producer a mixture of 2CO + 1112 with 
little carbon dioxide or nitrogen was made. 
The final “oxygas” contained the gases of 
carbonization. It was found useful to add 
additional oxygen in secondary tuyeres at 
a higher level if a high carbon monoxide 
gas was to be made. For the purpose of 
making synthesis gas, excess carbon mon¬ 
oxide was converted in the shaft to hydro¬ 
gen by adding steam instead of oxygen 

120 Von Galoczy, Z., Trans. World Power 
Conf., Btorkholm, 1. 111-43, 182-4 (1933). 

121 Pnschke, M., Stahl u. Eisen, 00, 934-5 
(1940). 

122 Natta, G., and Strada, M., Oiorn. chim. 
ind. e applicata, 14, 76-86 (1932). 
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through the secondary tuyeres and using 
iron-ore catalyst in the fuel. Two pilot 
plants of this process, one for 2 tons of 
coal or coke daily, one for 10 tons of coal 
or lignite, were reported to be in operation. 

An elaborate report on gasification using 
steam and oxygen has been published by 
the British Institution of Gas Engineers.^-^ 
The purpose of their work was primarily 
to investigate the possibility of adaptation 
of the German method, especially the 
Lurgi process, to British coals, using at- 
niosj)heric as well as high-pressure oper¬ 
ation. One typical point 'in oxygen gasi¬ 
fication was demonstrated by Dent and 
coworkers: 

It is seen that by supplying steam and oxy¬ 
gen in the ratio of 1.5 : 1 by volume the gas 
produced was comparatively low in carbon 
dioxide, while the temperatures of the fuel 
bod wore not high enough to cause excessive 
clinker trouble. This was only the case, how¬ 
ever, with a reactive coke. When using coke 
of low reactivity, typical of those produced 
from fusible coals, a temperature of 1,414“ C 
was reached with a steam-oxygen ratio of 3.0 
and the gas then contained 17.8 percent car¬ 
bon dioxide. It is probable that the low 
temperatures obtaine<i with reactive fuels will 
also prove important for the synthesis of 
methane under pressure. [Table II.] 

123 Dent, F. J., Blackburn, W. H., WilliaiiiR, 
N. W., and Millett, H. C., Inst. Oas Engra., 
Vommun. 141 (1936), 76 pp. 


Considerable improvement in oxygen 
consumption was obtained by preheating 
the mixture of oxygen and steam to 700® C. 
The oxygen consumption was estimated to 
be 39.6 cubic feet per therm for 700° C 
preheat, 46.0 cubic feet per therm for 
600® C, 52.4 cubic feet for 500® C, and 
58.6 cubic feet for 400® C. The estimated 
gas composition for a steam-to-oxygen 
ratio of 10 with preheat to 700® was 23.t) 
percent carbon dioxide, 19.8 percent carbon 
monoxide, 51.9 percent hydrogen, 3.0 per¬ 
cent methane, 0.4 percent illuminants, and 
1.1 percent nitrogen, the calorific value of 
the gas on a carbon dioxide-free basis be¬ 
ing 350 Btu per cubic foot. The maximum 
fuel-bed temperature would be 1,188® C, 
re.sulting in the decomposition of 42 per¬ 
cent of the total steam, yielding 267.1 
therms of g{us per ton of coal at a cold 
efficiency of 77.7 percent. Reactivation of 
the coke by the addition of sodium carbon¬ 
ate (2 percent sodium oxide) led again to 
better oxygen consumption values: 35.5 
cubic feet i)er therm, at 80.9 percent cold 
efficiency with a fuel-bed temperature of 
1,070® C. 

It was pointed out that the gases ob¬ 
tained with heating values (carbon diox- 
ide-free basis) even as high as 350 Btu 
might still be improved in heating value 
by pressure operation. However, the ca- 


TABLE 11 

Influence of Steam : Oxygen Ratio on Gasifk’ation of Coke 


Volume of steam per volume of oxygen 

1.0 

1.5 

2.0 

3.0 

5.0 

7.0 

Percentage composition of gas 

CO 2 

0.8 

4.4 

7.7 

15.7 

23.0 

37.0 

CO 

72.7 

64.0 

57.6 

45.0 

27.2 

18.2 

Ha 

25.5 

30.8 

33.9 

38.7 

44.2 

44.3 

N 2 

1.0 

0.8 

0.8 

0.6 

0.6 

0.5 

Steam decomposed, percent 

94.5 

87.6 

78.5 

63.2 

42.3 

24.7 

Maximum temperature in coke, °C 

1,565 

1,301 

1,269 

1,268 

1,217 

1,120 

Potential heat of gas as percent of total 

heat supplied 

88.8 

90.6 

90.4 

85.8 

73.9 

57.4 

Oxygen used, cubic feet per therm in gas 

81.2 

72.9 

70.2 

73.5 

89.0 

124.0 
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pacity of the producer unit might be cut 
down by the slow rate of methane syn¬ 
thesis. Additional work by Dent and co¬ 
workers comprised variations in the rate 
of gasification, in the size of the fuel, oxy¬ 
gen concentration in the blast, and carbon 
dioxide addition to the blast. One objec¬ 
tion to this investigation might be the 
small size of the apparatus used, a 3- or 
6-inch tube, with an 8-inch bed of fuel. 
However, valuable data were given and 
discussed in detail. 

Dolch ^24 has made experiments on oxy¬ 
gen-steam gasification and discussed the 
several processes now in operation. Using 
a %-square-meter fuel bed, 2 meters depth 
of coke, charcoal, or lignite, with oxygen- 
to-steam ratios of 1 : 3 to 1 : 10, and firing 
rates of 50 to 100 kilograms fuel per hour, 
no difficulties were experienced with clink- 
ering on the grate. With coke of low 
volatile content, the results were: 


OxyKon-steam ratio 

Test I 

1 2.97 

Test II 

1 : 4 85 

Test III 

1 : 9.78 

Steam decomposition, pei- 
eeiit 

46.7 

49.3 

27.2 

Cubic meters oxygen per 
kilogiarn carbon 

0,63 

0 635 

0 77 

COj, percent 

8 0 

18.5 

16 8 

(- 0 , percent 

40.7 

19 2 

6.6 

H2, percent 

24.0 

.30.8 

20.8 

H2O, percent 

27.3 

31.5 

55.8 

(-ubic meters gas made pei 
kilogram carbon 

2.79 

3..39 

3.r,3 

Water-gas-ieaction con¬ 
stant, K 

5.77 

1.06 

1.05 


It is significant that for Test I water-gas 
cciuilibrium was not attained whereas for 
Tests II and III it was. The additional 
steam used served to convert carbon mon¬ 
oxide. With more reactive lignite or char¬ 
coal, the water-gas equilibrium was at¬ 
tained at the lower ratio. The thermal 
yield of this process is excellent. 

Further references on Lurgi and Winkler 

124 Dolch, P., Wasaergaa, J. A. Barth, Leipzig. 
1936, 268 pp.; Brennstoff-Chem., SO. 101-11 
(1939); Peuerungatech., 27, 103-8 (1939). 


producers as well as on modern apparatus 
for manufacture of high-Btu producer 
gases by means of preheated blast and low- 
grade fuels (Pintsch-Hillebrand, Koppers, 
and Bubiag-Didier generators) often used 
for chemical synthesis work are given in 
Chapter 39. 

Summarizing the steam-oxygen results so 
far obtained it appears that the actual 
amount of knowledge concerning the theo¬ 
retical aspects is rather limited. There is 
need for further work, especially on the 
use of coal and coke in oxygen-blown pro¬ 
ducers at atmospheric or elevated pres¬ 
sures. Present meagre data indicate fair 
success for the economical production of 
gases for diversified chemical processes and 
of various heating values. The combina¬ 
tion of low steam rates with slagging oper¬ 
ations appears especially promising but to 
date has been inadequately studied. 

ASH REMOVAL AND SLAOOING PRODUCERS 

The importance of the ash factor in the 
operation of the producer process is evi¬ 
dent from the number of times its effects 
have entered previous discussion. 

The usual producer fuels, coal or coke, 
have from 3 to 15 percent ash which ha- 
to be removed from the producer to allow 
continuity of operation. The ash, a resi¬ 
due from the combustion, is set free prin¬ 
cipally in the lower part of the reduction 
zone and in the oxidation zone, where the 
bulk of the carbon of the fuel is con¬ 
sumed. The temperature of the fuel bed 
in these zones depends on the manner of 
operation of the particular producer. For 
maximum efficiencies in the jiroducer oper¬ 
ation, it is desirable to have as high a 
temperature in the reducing zone as is 
possible. 

Usually the mode of ash removal deter¬ 
mines how high a temperature is allow¬ 
able as a compromise between high effi- 
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ciency and ease of operation. If, as is 
usual, the ashes are to be removed in a 
solid form, it is essential to prevent ex¬ 
cessive fusion of the ash which would lead 
to the formation of large conglomerations 
of fused or semi-fused ash, so-called clink¬ 
ers. Such clinkers are highly objectionable 
for two reasons; they block the upward 
flow of gases in the producer bed and 
create irregular conditions within the fuel 
bed resulting in unburnt fuel reaching the 
ash bed and unconsumed oxygen or carbon 
dioxide reaching the top of the fuel bed 
(blow holes). Consequently poking of the 
producer is required. Secondly, large 
clinker blocks the ash flow out of the pro¬ 
ducer and thus causes irregular build-up 
of ashes. In producers with solid-ash-re- 
moval systems it is therefore essential to 
hold the fuel-bed temperatures down by 
the addition to the blast of ‘^endothermic 
agents,such as water vapor. The fusion 
point of the ash determines how much 
cooling of the fuel bed is required. Nor¬ 
mal operation with fuels having ash-fusion 
points from 1,800 to 2,800° F requires 
steam additions of 0.4 to 0.7 pound per 
pound of fuel, corresponding to blast 
saturation temperatures of 50 to 65° C. 
Correct use of steam in the blast will allow 
some softening of the ash so as to produce 
pebbly, pea-size ash nodules, which are 
easy to remove continuously. 

The ash from the average coal consists 
principally of silica, lime, ferric oxide, and 
alumina with smaller amounts of titania, 
magnesia, sodium and potassium oxides, 
and phosphorus pentoxide. A great deal 
of work has been done on the fusion point 
of coal ashes under oxidizing and reducing 
conditions, both of which occur within the 
producer fuel bed. In general, it may be 
stated that high contents of silica and 
alumina in the ash give a high fusion point, 
while high contents of lime and ferric 


oxide result in a low fusion point. Typical 
analyses of high- and low-fusion-point 
ashes are as follows: 



8i02 

A1208 

Fe20a 

CaO 

Fusion 

Point 


% 

% 

% 

% 

»F 

High-fusion 

49.0 

42.0 

5.0 

1.8 

3,000 

Low-fusion 

28.0 

8.3 

49.7 

5.3 

2,000 


Analyses and fusion points of some 2,000 
American coals have been reported by 
Fieldner and Selvig .^25 melting point 
of mixtures of the constituents silica, alu¬ 
mina, ferric oxide, and lime can usually be 
estimated from the well-known phase dia¬ 
grams of these constituents^^® (Fig. 20). 
Hankiss^^^ has given a discussion of the 
effect of different constituents upon ash- 
fusion point and producer operation. Valu¬ 
able data are contained in studies of blast¬ 
furnace slags such as the work by McCaf¬ 
frey . 1 -® (See also Chapter 15.) 

It is not surprising that the alternative 
method of removing ashes in molten con¬ 
dition has seemed attractive from a theo¬ 
retical point of view. The fact that the 
same practice is followed in blast furnaces 
and cupolas shows the feasibility of the 
idea. Producers with liquid-ash discharge 
are called slagging 'producers. The fuel 
bed of such a producer is maintained at a 
high temperature, thus allowing good re¬ 
duction. The ash melts in the lower part 
of the reduction zone and in the oxidation 
zone, and runs down to the bottom hearth 
of the producer, which is i)eriodically 
tapped. Following blast-furnace practice, 
the blast for a slagging producer is usually 
admitted through a number of cooled 

125 Fieldner, A. C., and Selvig, W. A., V. S. 
Bur. Mines, Bull. (1922), 119 pp. 

126 Rankin. G. A., and Wright, F. E., Am. J. 
Sci., 30, 1-79 (1915). 

127 HuiiklRH, S., Szenkiserleti Kozlemenyek, 1, 
41-9 (1925-G) ; Chem. Zentr., 100, 810 (1929). 

128 McCaffrey, R. S., Yearbook Am. Iron Steel 
Inst., 1038, 189-200; Am. Inst. Mining Met. 
Engrs., Tech. Puh. 388, 27-54 (1931). 
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Fjo. 20 . Phasp diaprram for the ternary aystem CaO-Al2().i-Sj()a. Niimprala wi^jiiify melting points 
in degrees Centigrade.^*® 


tuyeres inserted around the base of the fjeneral desrriptional material found in text- 
producer just above the hearth. The rate books such as that of Rambush.®® The 
of gasification in this type of producer is slag obtained from these producers is often 
high. The gas made is usually of rather of commercial value in the manufacture of 
low heating value owing to the use of little cement, building blocks, etc. Frequently 
steam in the blast. However, in some pro- the ferric oxide content of the fuel ash is 
ducers of this type steam is added above such that a separate phase of molten iron 
the tuyere level. underlies the molten slag and is removed 

Several larger slagging producers have through a separate tapping hole as a by- 
been built abroad, some comparable in size product. It is necessary to add fluxes like 
to blast furnaces. Relatively little has limestone to the fuel of most slagging pro- 
been published on the mechanism of re- ducers in order to obtain a readily flowing 
action in this type of producer outside of liquid slag, and often part of the slag, and 
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the iron, are mixed back with the fuel for 
the same purpose. Part of the reason for 
the relative lack of popularity of the slag- 
ging-type producer is undoubtedly the high 
temperature required in the process, ne¬ 
cessitating special furnace linings and in¬ 
creased maintenance. As a rule slagging 
producers use preheated blast for the pur¬ 
pose of recovery of at least part of the 
sensible heat of the gases made, which is 
naturally high for operation without steam. 
This heat recovery necessitates recupera¬ 
tors. The high gasification rates of slag¬ 
ging producers cause entrainment of con¬ 
siderable fly ash in the gas especially if 
small fuel is used. In general the height of 
the fuel bed in slagging producers ranges 
up to 15 feet. 

Experimental work on slagging pro¬ 
ducers has been reported by Smith. 
Descriptions of German producers have 
been given by Markgraf^^® (Wurth type 
])ro(luccr), Hrautigam(Georgs Marien- 
liiitte tyj)e producer), and Hermanns.’-*^ 
Typical conditions for these producers are 
indicated in Table III. A French slagging 
producer has been described l)y Servais.^®® 

In special instances slagging producers 
are used to good advantage. One such 
application is gasification of low-grade 
shale. The Phihpon producer,^ several 
installations of which have been made in 
France, is a typical example, and good de¬ 
tailed descriptions have been given (Table 

ia9 Smith, C. D., U. 8. Bur. Uiurn, Tech. 
Paper 20 (1912), 14 pp. 

130 Markgraf, H., Stahl n. Phen 3S, 703 7 
(1918). 

181 Brautigam, M., ihuL, 38, 180-9 (1918). 

132 Hermanns, H., Z. Ver. drill, lug., 04, 351-4 
(1920). 

188 Servais, B., Rev. m^t., 19, 596-9 (1922). 

134 Dessemond, A., and Mayencon, M., Chaleur 
et ind., 0, No. 102, 272-7 (1928). Phlllpon, H., 
Rev. ind. mindrale, 817, 125-37 (1934). Estival, 
J., ainie civil, 49, 405-7 (1936). Van Oirbeek, 
J., Rev. mit., 33. 303-8 (1936). 


TABLE III 

Typical Operating Conditions for 
Slagging Producers 

G. 

Marien- 



Wurth 

hiitte 

(Joke gasified, metric tons 

per day 

50 

30 

Slag added, percent by 

weight 

11 

17 

Air used, 1,000 cubic feet 

per metric ton 

115 

134 

Steam used, percent by 

weight of air blast 

32 

0 

Gas made, 1,000 cubic feet 

per metric ton 

156 

164 

Dust, percent by weight 

9.6 

2.4 

Slag, percent by weight 

13.3 

18.0 

Iron, percent by weight 

0.3 

3.2 

Temperature blast, ®C 

240 

55 

Temperature hot gas, 

700 

800 

Pressure loss, centimeters 

HjO 

55 

33 

Percentage gas composition 

CO 2 

2.0 

0.6 

CO 

32.0 

33.4 

CH 4 

0.5 

0.5 

H 2 

7.5 

0.9 

Net Btu per cubic foot 

136 

121.6 

C/old efficiency, percent 

79.0 

72.7 

Sensible heat of gas, per- 

cent 

16.0 

18.6 

Percentage composition of 
slag tapped 

Si02 

37.0 

32.3 

AI 2 O 3 

24.3 


Fe 

1.6 

1.6 

Mn 

1.3 

4.9 

Ca 

21.1 

21.7 

Mg 

2.2 


S 

0.95 

0.62 

Percentage composition of 
iron tapped 

Si 

3.0 


Mn 

2.91 

9.27 

P 

1.42 

9.25 

S 

0.07 

0.022 
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IV). To preheat the blast up to 400“ C 
the sensible heat of the gas made was 
utilized. To supply preheat from 400 to 
800“ C, about 15 percent of the gas make 
was burned in a silica recuperator. The 
efficiency obtained is remarkably good con¬ 
sidering the low-grade fuel and the enor¬ 
mous throughput. The operation was 

TABLE IV 

Condensed Data for a Philipon Producer . 
1 ..^)0-meter internal diameter at the tuyere 
level. 

Percentage composition of charge 41.5 shale of 50 to 60 per- 
(10-50 mm siae) cent ash 

25.0 low-grade coke of 28 to 
30 percent ash 
22.8 limestone 
7.1 iron 
3.6 slag 

Percentage composition of gas 4.5 CO 2 

31.0 CO 
4.0 Hs 
2.0 CH4 
68.5 Na 

1,260 kilogram calories gross 
heating value per 
cubic meter (132 Btu 
per cubic foot) 

1,210 kilogram calories net 
heating value per 
cubic meter (126 Btu 
per cubic foot) 

Percentage composition of slag 35.0 Si02 
(used for cement) 22.5 AI 2 O 8 

40.0 CaO 
1.0 MgO 
1.5 FeO 

Perce.ntage composition of iron 3.0 C 

0.4 Mn 
10.0 Si 
0.5 P 
0.03 R 


C’harge, metric tons per day 

100 to 1.50 

Gas make per day, 1,000 cubic meters 

200 to 300 

Gas make per 1,000-kilogram charge, cubic meters 

1,810 

Slag per 1,000-kilogrBm charge, kilograms 

417 

Iron per 1,000-kilogram charge, kilograms 

147 

Air per 1,000-kilogram charge, cubic meters 

1,340 

Gasification rate, kilogram per square meter per 


hour 

3,550 

pounds per square foot per hour 

728 

Temperature blast, "C 

400 (to 800) 

Temperature top gas, T 

200 to 400 

Temperature fuel bed at tuyeres, °C 

1,800 to 2,000 

Gold efficiency, percent 

71.6 


claimed to be uniform as long as the blast 
temperature was constant. Blast-tempera¬ 
ture variations readily caused freezing of 
the slag near the tuyeres, due to the shift¬ 
ing of the isothermal zones. The use of 
this type of a producer for the recovery 
of metals from smelting residues has been 
discussed by Philipon,'van Oirbeek,'®^ 
and Rambush.^35 

Tests on slagging producers have been 
described by Heezko.'®® Using coke with 
additions of some 30 percent of mixed 
slags a gas containing 0.5 percent carbon 
dioxide, 33.3 percent carbon monoxide, 2.3 
percent hydrogen, and 64.6 percent nitro¬ 
gen was made, having a calorific value of 
1,050 to 1,090 calories per cubic meter (110 
to 114 Btu per cubic foot); the produc¬ 
tion was 4.2 cubic meters of gas per kilo¬ 
gram of coke with a cold efficiency of 69.9 
percent. In these tests the temperature 
of the outlet gases was 800® C. 

In a discussion of different types of 
producers Guillon pointed out that 
in successful slagging-type producers the 
blast inlet area is one-hundredth or less of 
the cross-sectional area of the producer 
shell, resulting in air velocities as high as 
100 meters jier second based upon cold 
air. It was claimed that with high blast 
velocities the carbon monoxide content in¬ 
creased in cuj^olas, and the same was as¬ 
sumed to hold for producers. Tempera¬ 
tures up to 2,(X)0® C were obtained by pre¬ 
heating the blast to 800 to 1,000° C. The 
principle of high blast velocity is of great 
interest and will be discussed later. 

13.1 Rumbuuh, N. E., and Ul\oii, F. F., Trana. 
Inat. Chem. Engra., London, O, 3-15 (19.31) ; 
Van. Chvm. Met., 15, ,319-21 (19.31). 

laoHeczko, A., 12th Contjr vhvm. ind , Prague, 
1032, 25-9 ; Chitnie it induatriv. Spec. No., ,Tune 
193,3, pp. 420-6. 

137 Guillon, H., Vhnlvur tt ind., 16, 18,3-4, 
518-24, 560-2 (1935), 17, 15,3-6, 191-7, 2,30-4, 
281-6, 451-4 (1936), 10, .344-8, 5.3.3-40 (1938). 
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An interesting application of slagging 
operation with high blast velocity is the 
Gohin-Poulenc type vehicular producer. 
The molten ash is collected in the base of 
the shell where it solidifies to a ball and 
is removed periodically. 

It has been mentioned before that ef¬ 
forts have been made to apply oxygen 
blast to slagging producers, but informa¬ 
tion on this subject is scanty. 

Summarizing, it appears that the use of 
slagging operations on a large scale offers 
a wide field of application as yet barely 
touched. Extremely high throughput 
rates hence low overhead, recovery of 
valuable byproducts, the possibility of 
utilizing lowest-grade fuel, and good effi¬ 
ciency are among the principal advantages. 

HIGH-SPEED OPERATION 

In the foregoing section the effect of 
high-speed air injection into the producer 
was briefly mentioned. Work in Russia 
and France has given indication that hith¬ 
erto unknown rates of operation can be 
obtained in specially constructed pro¬ 
ducers by high-speed injection of air or 
air-oxygen blast. This work is based on 
no very well-established theory, and no 
investigations along these lines have been 
conducted in the United States. 

Two Russian investigators, Grodzovskii 
and Chukhanoff,^® pointed out the custom¬ 
ary limitation of the producer reactions by 
the slow rate of reduction of carbon dioxide 
(or water) to carbon monoxide (or hydro¬ 
gen) and showed that these factors limit 
the rate of gasification even at high com¬ 
bustion-zone temperatures (1,700® C) to 
about 80 pounds of coke per square foot 
per hour. This slow rate of reduction was 
attributed to surface films. According to 
Grodzovskii and Chukhanoff, high gas ve¬ 
locity will cause the mechanism of the re¬ 
action to change to direct production of 


carbon monoxide without intermediary 
dioxide formation. The only limiting fac¬ 
tor in monoxide production then is the 
rate at which oxygen can reach the carbon 
surface. Thus high-velocity blast will cre¬ 
ate ideal conditions for monoxide produc¬ 
tion, and actual experimental curves show 
an increased monoxide : dioxide ratio for 
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Linear Velocity of Blow, m per sec 

Pig. 21. RelationRhip between gas eomposl- 
tion and linear velocity of the blow for various 
carbonaceous materials.'" 

I, activated charcoal. IV, electrode carbon 

II, coke. V, coke. 

Ill, electrode carbon VI, activated charcoal 

increased blast rates. Addition of oxygen 
to the blast air improves this ratio even 
more (Figs. 21 and 22). 

Furthermore, it was shown that in the 
combustion zone the reduction of steam 
by carbon was greatly accelerated at high 
ratc,s (Fig. 23) and ideal conditions were 
obtained for rapid production of producer 
gas of high-Btu value. For a limited fuel- 
bed height, in an up-draft type producer, 
there might be a minimum in carbon 
monoxide content of gas when changing 
over from the normal low blast rate to the 
high blast rate. It was essential for ef¬ 
fective high-blast operation to have a dense 
fuel bed, preferably with small fuel. Ash 
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Oxygen Concentration - Volume Percent 


Pig. 22. Relationship between gas composition and oxygen concentration in the blow.** Acti¬ 
vated charcoal, 1-3 millimeters. Stove area, 3.2 square centimeters. Water vapor in inlet gas, 13 
percent. Inlet blow velocity, 0.9 meter per second. 


was carried along with the gas to a large 
extent. Small-scale tests with coal, coke, 
and other fuels (150 to 200 millimeters 
deep fuel bed, 0.038 square meter or 0.12 
square meter area) showed that blow ve¬ 
locities as high as 3.2 meters per second 



Fig. 23. RclutioriKhip between gas composi¬ 
tion and linear velocity of steam-air blow** 
Activated charcoal, 1-3 millimeters. Stove area, 
3 2 square centimeters. Water vapor in inlet 
gas, 34 percent. 

(cold blast, calculated on free area of 
shell) could be used corresponding to com¬ 
bustion rates as high as 3.0 tons per square 
meter per hour (600 pounds per square 
foot per hour) for coke and 7.0 tons per 
square meter per hour for a 1 : 1 coal- 


coke mixture. Under these conditions the 
composition of the final gas (without steam 
additions to the blast) was 4 to 9 percent 
carbon dioxide and 24 to 31 percent car¬ 
bon monoxide, heating value 1,000 to 1,300 
calories per cubic meter (104 to 136 Btu 
per cubic foot). 

A second development on the basis of 
the high-velocity theory was the so-called 
pitless producer. Experiments showed 
that, by blowing oxygen with or without 
nitrogen or steam in a cavity of an anthra¬ 
cite block, carbon monoxide would be made 
at a rate increasing with higher gas veloc¬ 
ity: for linear jet velocities of 35 and 180 
meters per second the monoxide content 
ro.se from 50 to 90 percent, and the diox¬ 
ide content decreased from 50 to 10 per¬ 
cent. In a .semi large-scale test, two water- 
cooled tuyeres were set opposite each 
other. One supplied the blast, and the 
other fed the fuel, which consisted of a 
mixture of coal dust, refuse, peat, and tar, 
extruded as cylinders, 60 millimeters in 
diameter and 300 millimeters long. The 
nozzle velocity of the blast (64 percent 
oxygen) was 500 meters per second. The 
re.sulting gas had 16 percent carbon diox¬ 
ide, 0.6 percent oxygen, 33 percent carbon 
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monoxide, 21 percent hydrogen, 0.7 per¬ 
cent methane, 27 percent nitrogen, 1,600 
calories (167 Btu) heating value, for a 
combustion rate of 1,200 tons carbon per 
square meter nozzle area per hour. For 
90 percent oxygen blast the gas analysis 
was 13.6 percent carbon dioxide, 0.3 per¬ 
cent oxygen, 51 percent carbon monoxide, 
28 percent hydrogen, 0.2 percent methane, 
7 i)ercent nitrogen, 2,350 calories per cubic 
meter (246 Btu per cubic foot), with a 
combustion rate of 1,790 tons carbon per 
hour per square meter. 

The results of the work of the Russian 
investigators are very novel indeed. It 
has been verified by Karzhavina^^ as far 
as the theoretical aspect is concerned. 
Rates of operation obtained in the Philipon 
and the Gohin producers seem to indicate 
that the deductions as to possible operat¬ 
ing rates published by Grodzovskii and 
Chukhanoff are more than mere specula¬ 
tions. 

Among the newer types of small pro¬ 
ducers for making gaseous fuel for auto¬ 
mobile engines, the Gohin-Poulenc type 
and various modifications are of particular 
interest. The fuel is contained in a ver¬ 
tical shell; the blast is introduced through 
a horizontal tuyere inserted in the lower 
part of the producer almost to the center 
of the shell. The gas outlet is approxi¬ 
mately at the same elevation and opposite 
the tuyere. Because of the high blast en¬ 
trance velocity a« concentrated fire is cre¬ 
ated at a high temperature, 1,500 to 
2,000® C, in which the conversion of the 
fuel to carbon monoxide takes place. The 
unburnt fuel surrounding the hot spots 
protects the unlined walls. The gas veloc¬ 
ity is of the order of 100 and more meters 
per second. The grate (tuyere) area is 
3 square centimeters; the distance between 
tuyere tip and gas outlet, 15 centimeters. 
Some variations of the Gohin-type pro¬ 


ducer use preheated blast. The thinness of 
the fuel bed and the evident efficiency of 
this type of apparatus seem to indicate 
that the classical producer theory does not 
applyand that this class of producer is 
of the high-speed type with direct carbon 
monoxide production. It is typical that 
with slower blast the carbon dioxide in¬ 
creased to 12 percent from a normal 2 per¬ 
cent. The ashes in Gohin producers fuse 
and run down into the base of the pro¬ 
ducer. 

Thring®® has conducted a very interest¬ 
ing investigation of the cross-draft (or 
oblique-draft) producer on full scale as 
well as on a model (micro producer). It 
is his contention that the remarkable per¬ 
formance of this type of producer is due 
not so much to high entrance gas velocity 
as to the position of the air nozzle in the 
center of the fuel bed with consequent 
avoidance of all wall losses and higher re¬ 
action temperature. On a cross-draft pro¬ 
ducer 20 by 14 by 60 inches, rectangular 
in shape, 3-hour tests were conducted with 
% by Vio inch coke as fuel. The blast rate 
was kept at 40 cubic feet air per minute; 
moisture to the extent of 40 percent of the 
weight of the carbon was added. While 
the blast velocity (nozzle size) was varied 
from 30 to 2(X) feet per second the calo¬ 
rific value of the gas varied only from 115 
to 124 Btu iier cubic foot, the tempera¬ 
ture near the inlet from 1,640 to 1,620® C, 
the gas outlet temperature from 420 to 
550® C, and the back-pressure from 4.5 to 
23 inch water gage. The last word on the 
mechanism of this process has not yet 
been spoken. 

As a final remark on this process of 
high-speed gasification it may be of inter¬ 
est to point out that the speed of the air 
entering blast-furnace tuyeres is of the 
same order of magnitude as in the high 
blast velocity producers, namely, several 
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hundred feet per second. Both from the 
point of view of blast-furnace operation 
and of further development of high-speed 
gasification a coordination of data seems 
most desirable. The typical effect of an 
increase of carbon dioxide near the tuyere 
with a lowering of the wind shows up 
clearly in the curves of Perrott and Kin¬ 
ney presented in a book on blast-furnace 
operation by Sweetser.^®® 

USE OF CARBON DIOXIDE IN BLAST 

In earlier years it was frequently sug¬ 
gested that carbon dioxide be substituted 
lor water vapor in the operation of the 
producer. No doubt the addition of car¬ 
bon dioxide in the form of flue gases, lean 
blast-furnace gas, etc., will produce the 
same effect as steam addition and cool the 
fuel bed to the desired degree. It is 
obvious, of course, that, unless pure carbon 
dioxide is used, it will carry with it a large 
amount of inert nitrogen, resulting in high 
blast velocities, requiring higher fuel beds 
lor jiroper heat exchange, and making a 
larger volume of low-Btu producer gas of 
high gravity. Essich calculated that 
the temiierature of the gas from an air- 
blown producer (no steam) can be reduced 
from 1,000 to 500“ C by adding 1 volume 
of carbon dioxide to 5 volumes of oxygen 
or by using a blast composition of 3.5 
])ercent carbon dioxide, 17.5 percent oxy¬ 
gen, and 79 percent nitrogen. Further¬ 
more, the heat of the flue gases can be 
jiartly recovered and the carbon dioxide 
content of the blast can be increased 0.5 
percent for each 100“ flue-gas heat. The 
fuel saving that would be realized in this 
manner is the ratio 100 (CO 2 ) : (CO 2 4- 
O 2 ). No experiments were conducted. 

138 Sweetser, R. H., Blast Furnace Practice, 
McGraw-Hill Book Co., New York, 1038, pp. 
151-3. 

iseRssich, O., Feuerungstcch., 8, 184-5 

(1920), 
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Similar discussions and calculations are 
found in the literature.^^® 

Experiments on the use of blast-furnace 
gas as the endothermic agent have been 
described by McDermott.^^^ The results 
were not encouraging since clinkering diffi¬ 
culties appeared and smooth operation was 
obtained only by alternate blowing with 
air and gas. Some additional work on 
this subject by Swardt has been reported 
by Walker.®® It seemed to indicate an 
improvement in the cold efficiency from 
68 to 84 percent (maximum) when adding 
from 20 to 25 percent cold exhaust gases 
to the blast of a 9-horsepower ''National” 
producer and engine operating on char¬ 
coal. A gas composition of 1.7 percent 
carbon dioxide, 4.3 percent oxygen, 20.3 
percent carbon monoxide, and 73.7 percent 
nitrogen was obtained with zero exhaust 
gas in the blast, and the respective per¬ 
centages with 20 percent exhaust gas in 
the blast were 2.2, 3.7, 21.5, and 72.6. As 
the exhaust-gas percentages increased, the 
values of gas were impaired. In view of 
the peculiar compositions of the gas, indi¬ 
cating that leakage took jilace, not too 
great a value can be placed iqion these 
results. Indications from this method of 
operation do not offer great promise. 

PREHEATED BLAST 

In several instances the advantage of a 
preheated blast has been pointed out. A 
preheated blast benefits operation in that 
there arc obtained a lower outlet gas tem¬ 
perature from the producer, a higher fuel- 
bed temperature resulting in better carbon 
dioxide reduction, and better heat efli- 

i4oGwo8dz, J., Feuerungstech., 9, 73-84 

(1921). Hudler, J., Gas- u. Wasserfach, 64, 
475-9 (1921). Czerny, B., Feuerungstech., 15, 
ja-7 (1926). WislicenuB, W., Arch. Wdrme- 
Wirt., 9, 331-4 (1928). 

141 McDermott, G. R., Blast Furnace Bteel 
Plant, 13, 344-6 (1925). 
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ciency made possible by recovery of sen¬ 
sible heat from the outlet gases. It is 
realized that blast preheat can be utilized 
to full advantage only with high fuel-bed 
temperatures and therefore slagging ash 
operation is usually required. For this, 
blast preheat is almost an essential in view 
of the danger of freezing the slag by un¬ 
desired temperature variations. Further¬ 
more, it is the only way to raise the effi¬ 
ciency of slagging producers operated with¬ 
out steam additions to the blast. 

Blast preheat usually takes place in 
recuperators, for which a number of con¬ 
structional types are available. Occasion¬ 
ally regenerators are used to preheat the 
blast following along the lines of blast-fur¬ 
nace practice. It is beyond the scope of 
the present discussion to go into the de¬ 
tails of this choice. The Pintsch-Hille- 
brandt generator for high-Btu gas supplies 
the heat required for continuous steam de¬ 
composition in the fuel bed by preheating 
the blast, composed of steam plus part of 
the production gas, to a temperature of 
1,300® in a hot blast stove. 

FUEL FACTORS 

The influence of the fuel on the reac¬ 
tions occurring in the producer has been 
mentioned frequently in previous discus¬ 
sions. The principal items of interest in 
this respect are the following: (1) moisture 
content; (2) volatile matter; (3) ash con¬ 
tent and analysis; (4) reactivity; and 
(5) size and size distribution. 

Moisture as well as the volatile matter 
in the fuel are removed in the upper parts 
of the producer fuel bed. For the removal 
of the bulk of the volatile matter a tem¬ 
perature of 400 to 600® C is adequate. 
With fuels containing little volatile mat¬ 
ter, such as high-temperature coke and 
charcoal, the effect on the gas make is in¬ 
considerable. In the lower layers of the 


reduction zone the hydrogen of the coke 
is driven off as hydrogen gas or methane. 
Moisture will tend to cool the gases, thus 
preventing to some extent the carbon mon¬ 
oxide to carbon dioxide reversal reaction. 
With fuels like coal, lignite, and others of 
high volatile content, the carbonization 
process taking place in the upper distilla¬ 
tion zone of the producer causes the pro¬ 
ducer gas to be enriched by the volatile 
products of carbonization, gas and tar 
vapors. Both these products tend to in¬ 
crease the heating value of the final pro¬ 
ducer gas, especially when the gas make is 
burnt directly without previous cleaning. 
All constituents normally present in car¬ 
bonization gases can be found in such pro¬ 
ducer gas, depending only on the tempera¬ 
ture at which the carbonization was per¬ 
formed. With fairly thin fuel beds, or 
with abnormally hot fuel-bed tops, the 
gases evolved from the volatile matter of 
the fuel are considerably cracked, have a 
dark color, and contain a large amount of 
lampblack; with thick fuel beds, they 
resemble crude coke-oven gas and are 
greenish brown in appearance. The heat¬ 
ing value of coal producer gas is raised 
from 120 to 160 Btu by the presence of 
the carbonization gases, and the tar vapors 
contribute an additional 30 Btu to the 
mixture. 

The carbonization process will leave a 
carbonaceous residue which assumes the 
major role in the producer proper. De¬ 
pending on the nature of the coal, this 
residue may be more or less caked to a 
coherent mass. For the sake of uniformity 
of operation such a mass should be broken 
up to smaller particles to prevent channel¬ 
ing in the fuel bed. Various poking de¬ 
vices serve for this purpose. A coal with 
excessive caking tendency should be 
avoided. Sizing of fuel if it undergoes a 
coking process is naturally of less impor- 
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tanee, since the size of the fuel in the 
reduction and oxidation zones cannot be 
controlled under these conditions. The 
coke resulting from producer carbonization 
is usually similar to low-temperature coke. 
Carbonization becomes more than an inci¬ 
dental enrichment in processes for com¬ 
plete gasification with production of high- 
Btu or synthesis gases. Controlled car¬ 
bonization of producer fuel is the aim of 
the Bubiag-Didier and Koppers types of 
generators for making synthesis gas ( 2 H 2 
-fCO). The low-temperature carboniza¬ 
tion gases made in the Bubiag-Didier gen¬ 
erator are used to supply external heat to 
the generator shaft; in the Koppers proc¬ 
ess they are cracked to supply additional 
hydrogen to the synthesis gas. 

Since the presence of tarry matter com¬ 
plicates the cleaning of producer gas, a 
number of producers of the down-draft or 
double-draft type have been designed to 
pass the distillation gases from the *^green” 
fuel through the hotter parts of the fuel 
bed, thereby causing the tar vapors to be 
cracked into smaller molecules. In the 
down-draft producer the air enters the fuel 
bed on top, and the gas leaves below. In 
the double-draft producer the flow of the 
gases is upward in the lower half, down¬ 
ward in the upper half of the fuel bed, the 
gas finally leaving at the midpoint of the 
fuel bed. 

With wet fuels like peat, wood, and 
sometimes coal, the moisture content may 
be high enough to require more than the 
sensible heat of the gas for vaporization. 
The additional heat is then supplied by a 
combustion of a portion of the fuel to 
carbon dioxide, causing the heating value 
of the final gas to decrease and the carbon 
dioxide content to increase. 

Depending on the volatile-matter con¬ 
tent of the fuel, the tar yield obtained from 
gasification of coals will vary and is found 


1645 

to be 80 percent of the usual laboratory 
tar yield (Rambush) determination. 

The ash content of the fuel is an im¬ 
portant faetor for various reasons. The 
fusion point of the ash determines the 
practical amount of steam necessary in the 
blast to prevent the ash from clinkering. 
In turn this amount of steam influences 
the thermal efficiency of the producer. In 
slagging producers the fusion point of the 
ash and its composition are instrumental 
in determining the amount of flux re¬ 
quired. Ash compositions may affect the 
reactivity of the fuel and its catalytic ac¬ 
tion on the water-gas reaction. High ash 
content of the fuel tends to raise the losses 
of fuel as carbon in the ashes. Heat loss 
in the ashes leaving the producer is gen¬ 
erally negligible for solid-ash removal but 
appreciable for slagging producers. Ash 
acts as a diluent of the fuel bed, especially 
in the lower layers, and consequently in¬ 
fluences the height of the oxidation and 
reduction zones. 

Probably the most important single fuel 
factor is reactivity. Its preponderant ef¬ 
fect esi)ecially on the reactions in the re¬ 
ducing zone has been mentioned repeatedly. 
The reactivity factor includes such influ¬ 
ences as physical conditions of the carbon 
—^size, porosity, crystalline structure—and 
chemical conditions—hydrogen content, ash 
content, and added catalyst such as sodium 
carbonate. Reactivity affects producer effi¬ 
ciency, gas composition, and producer 
capacity. 

A good set of papers on the reactivity of 
different coals with results in actual pro¬ 
ducers is that of Gevers-Orban.^'*- The 
^'reducing power'' of the fuel increases in 
the order natural coke, activated coke, 
alkaline coke, activated alkaline coke. 
Coke made of high-volatile coal at low 

142 Gevers-Orban, E.. Rev. universelle mines, 
10. 313-20, 347-62, 376-80 (1934). 
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temperature, 575® C, reduces more readily 
than coke made at 850® C. The use of 
diiferent types of coke, anthracite, coal, 
catalyzed fuels, etc., in vehicular producers 
is discussed in detail in a later paper.^^® 

Size and size distribution influence pro¬ 
ducer-gas manufacture primarily in their 
effect on the reactivity of the fuel and 
secondarily by reason of their influence on 
the ease of operation. Uniform sizing of 
fuel promotes uniform flow of gases across 
the entire area of the producer and uni¬ 
form gas manufacture. Lack of uniformity 
of the fuel leads to segregation of sizes in 
distinct spots of the fuel bed, channeling 
of the blast with ensuing blow holes, local 
overheating and clinkering, high ash loss, 
and other objectionable conditions. The 
presence of excessive amounts of fine par¬ 
ticles (dust) in the fuel leads to fuel losses 
with the gas stream. In producers oper¬ 
ating with fine fuel, like the Winkler pro¬ 
ducer, special arrangements are made to 
recover the entrained material. 

Complete Gahipication and Manitfac- 
TtTRE OF Synthesis Gas 

Although producer gas has previously 
been defined as a gas with carbon monox¬ 
ide as principal combustible component, 
made.by incomplete combustion of car¬ 
bonaceous fuel, a wider definition is pos¬ 
sible which includes a number of processes 
on the boundary between producer-gas and 
water-gas manufacture. Producer gas may 
be defined as the product of continuous 
complete gasification of carbonaceous fuel. 
Examples of processes which might be 
termed typical of continuous water-gas 
manufacture have already been mentioned 
under oxygen steam-blown producers. In¬ 
stead of considering the product of such 

148 Gevers-Orban, B., ibid., 18* 249-59 (1937). 


generators as producer gas minus inert 
nitrogen it can be taken as blue water gas 
(CO 4 * H 2 ) made by a process in which 
sufficient heat is continuously liberated in 
the fuel bed by the addition of oxygen to 
the steam and thus causing the exothermic 
reaction of C + O 2 to compensate for the 
heat required in the endothermic reaction 
of C 4- HoO. Other means for supplying 
the heat re(piired for the water-gas reaction 
are found in preheating the blast or in 
applying external heating to the generator 
shaft. Several varieties of gas are made in 
this manner; the high-pressure Lurgi proc¬ 
ess, for exam])le, is one in which carbon 
monoxide is no longer the principal com¬ 
bustible constituent of the gas. 

The development of this type of process 
abroad has advanced very rapidly because 
of the economic need for complete gasi¬ 
fication of low-grade fuels such as lignite 
and the production of gas not only for 
combustion but also for chemical synthesis. 
The Fischer-Tropsch process for synthesis 
of hydrocarbons (see Cliapter 30) requires 
enormous amounts of a gas mixture of 2 
parts of hydrogen with 1 part of carbon 
monoxide. An entirely new gas industry, 
belonging without too much stretching of 
the imagination to the producer-gas field, 
has been created for the production of this 
synthesis gas (CO 4 2 II 2 ). 

A voluminous literature has grown up 
around this work; a few of the types of 
jirocesses employed may be described 
briefly. In a review of water-gas and 
synthesis-gas manufacture from coal 
Schultes enumerated the methods for 
making synthesis gas as follows: 

1 . By intermittent blue-gas manufacture, add¬ 
ing hydrogen by catalytic conversion of 
carbon monoxide or by decomposition of 
coke-oven gas. 

144 Schultes, W., GlUckauf, 72, 273-85 (1986). 
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2 . By continuous water-gas manufacture. 

(а) Directly at low temperature (650®) to 
give CO + 2 H 2 , using an oxygen blast. 

(б) At medium pressure with oxygen blast 
(high pressure results in methane for¬ 
mation). 

(c) In special producers with oxygen blast 
and increased fuel reactivity. 
id) Directly in slagging producers. 

(c) From carbon monoxide of slagging 
producers with subsequent partial con¬ 
version. 

3 . By decomposition of coke-oven gas in spe¬ 
cial furnaces, in water-gas generators, or by 
the effect of oxygen. 

4. Directly by low-temi)erature carbonization 
and cracking of the gas witli or without 
external heating. 

Among the better-known methods with 
continuous operation is the Lurgi process, 
which is operated at 1 atmosi)here gage 
jiressure and is claimed to give a gas 
with 29 percent carbon dioxide and a 2 : 1 
ratio of hydrogen and carbon monoxide. 
The Winkler process (semi-floating fuel 
bed) develops from gas coal a gas of 18 
percent carbon dioxide, 42 percent carbon 
monoxide, and 37 percent hydrogen. Ad¬ 
ditional conversion of carbon monoxide is 
required to yield a suitable synthesis gJis. 

A process involving a slagging producer 
operated with an oxygen blast has been 
l)roposcd by von Galoczy. Supplying heat 
to the fuel bed by preliminary combustion 
of a portion of the gas in the oxygen blast, 
a gas having 6 percent carbon dioxide, 
64 j)ercent carbon monoxide, and 22 per¬ 
cent hydrogen can be made. More car- 
l)on monoxide conversion is required to 
obtain a satisfactory gas for synthesis. 

The Bubiag-Didier process uses a verti¬ 
cal refractory shaft in which the descend¬ 
ing coal is subjected to external heat and 
thereby successively dried, carbonized at 
low temperature with separate low-tem¬ 
perature gas removal, degassed for meth¬ 
ane and hydrogen removal, these gases 


cracked by the hot coke, and blue water 
gas made by ascending steam. From a 
gas coal is produced gas containing 9 per¬ 
cent carbon dioxide, 28.8 percent carbon 
monoxide, and 57.6 percent hydrogen at a 
rate of some 2,(XX) cubic meters per ton of 
coal. The external heating is accomplished 
by producer or low-temperature carboniza¬ 
tion gas. Coals of negligible caking tend¬ 
ency should be used.^^® 

In the Pintsch-Hillebrand process heat 
is supplied for the water-gas reaction by 
preheating the blast, consisting of steam 
and recirculated gas, in a set of gas-heated 
hot blast stoves. The German Koppers 
Company has a recirculation process some¬ 
what like the Wntsch-Hillebrand process. 

The nature of the fuel, especially its 
hydrogen content, is a deciding factor in 
the economic success of synthesis-gas 
manufacture, and the choice of system is 
closely connected with the type of fuel. 
Dolch has dealt with this problem exhaus¬ 
tively and has pointed out that the high 
reactivity of lignite permits the produc¬ 
tion of synthesis gas in one step. Dolch 
has also ably discussed the different proc¬ 
esses for making high-heating-value ga®, 
which have been reviewed by Bruckner 
and by Kosendahl.*^^ 

Producer-Gas Properties 

Producer-gas composition varies with the 
mode of manufacture. Since producer gas 
is obtained generally from either coal or 
coke, the following discussion will be lim¬ 
ited to the properties of these two types 

145 Thau, A., BrennBtoff-Chem., 16, 61-7 

(1935). Alluer, W., Gaa- u. Wasaerfach, 78, 
438-60 (1935). 

148 Dolch, P., Brennatoff-Ohem., 20, 101-11 
(1939) ; Feuerungatech., 27, 1-6, 44-61 (1989). 

147 Roaendahl, F., Oel tt. Kohle ver. Petro¬ 
leum, 36, 340-9 (1940). 



1648 


PRODUCERS AND PRODUCER GAS 


of gases as formed in the up-draft-type 
producers. 


COMPOSITIONS 

Typical compositions for cleaned coke 
and coal producer gas are: 



CO 2 

Illumi- 

NANTS 

CO 

H 2 


% 

% 

% 

% 

1 Coke gas 

5 

0 

28 

12 

11 Coal gas 

4 

0.5 

28 

14 


Besides these major components pro¬ 
ducer gas contains minor components, some 
of which are of importance. 

Svlfur Compounds. A review of the 
literature on this subject by Crabtree and 
Powell shows that the hydrogen sulfide 
content of coal producer gas ranges from 
1.0 to 3.0 percent, depending on the type 
of coal, producer temperatures, air-steam 
ratio, and other factors. The distribution 
of sulfur in coal producer gas has been 
discussed by Kaufman.^^® It was claimed 
that hydrogen sulfide and carbon disulfide 
occur in the ratio 2:1, depending, how¬ 
ever, on the coal composition. Private in¬ 
formation reveals 105 grains of hydrogen 
sulfide and 18 to 22 grains of organic sul¬ 
fur per 100 cubic feet in producer gas 
made from coal of 1.6 percent sulfur con¬ 
tent and 36 percent volatile matter, and 
from 40 to 70 grains of hydrogen sulfide 
and from 7 to 10 grains of organic sulfur 
per 100 cubic feet in producer gas from 
coke of 0.6 to 0.7 percent sulfur content. 
The coal ash contained 0.3 percent sulfur, 
the coke ash 0.07 percent. An elaborate 
paper, unfortunately rather inaccessible 
because of the language, has been pub- 

148 Crabtree, F., and Powell, A. R., Bull. Am. 
Inst. Min. Met. Engrs., 158, 2G87-92 (1919). 

149 Kaufman, C. F., Chem. d Met. Eng., 22, 
544 (1920). 


lished on sulfur in producer gas by Berg,^®® 
who reviewed thoroughly the analytical 
methods for determination of sulfur and 
its compounds (H2S, SO2, SO3, SiS2, CS2, 
COS) in producer gas. Results cited of 
various other authors indicated that a 


CH 4 

Ns 

Gross Btu 

Net Btu 

% 

% 

(dry, 60® C, 30 in.) 


0.5 

54.6 

134 

128 

3 

50.5 

178 

166 


conversion of coal sulfur to gas sulfur of 
76 to 99 percent takes place with sulfur 
contents of coal from 2.80 to 0.8 percent. 
A detailed sulfur balance made on two coal 
producers of 2.6-meter inside diameter 
showed that 92.5 and 94.1 percent of the 
coal sulfur appeared in the gas when the 
sulfur content of coal was either 0.91 or 
1.00 percent, respectively. 

The gas sulfur was distributed as fol¬ 
lows (5-day test): 



Grams per 

Percent of 

Cubic Meter 

Total Sulfur 

Flue dust 

0.14 

6.0 

Tar 

0.02 

1.0 

HzS 

1.72 

71.7 

SO 2 

0.35 

14.4 

Organic S 

0.17 

6.9 


2.40 l(K).0 


Coal 

Per(’ent 

Percent of 

Sulfur 

OF Coal 

Total Sulfur 

Sulfate 

0.01 

1.0 

Pyrite 

0.56 

56.0 

Organic 

0.43 

43.0 


1.0 

100.0 


i.'iOBerg, T., Jcrnkentorets Ann., 144, 213-72 
(1930) ; Stahl u. Eisen, 50, 942 (1930). 

151 Jung, A., Ver. deut. Eisenhuttenleute, 
Stahlwerksausschuss Ber., 83 (1924), 4 pp. 

Broun, J., ibid., 89 (1925), 3 pp.; Stahl u. 
iSisen, 46, 78-80 (1926). 
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Operating data were as follows: 
Percentage Composition op the Gas 


C 02 

5.1 

02 

0.3 

CO 

27.1 

CH 4 

4.1 

H 2 

9.6 

N 2 

53.8 


100.0 


Gas temperature, °C 603 

Gas moisture, grams per cubic meter 40.2 

Operating rate, ton per hour 0.88 

Steam consumption, percent of coal 
weight 20 to 25 

Practically all the organic sulfur in the 
gas was present as carbon oxysulfide. 

It should be added that the original pur- 
]K)se of Berg’s work was to find a process 
suitable for lowering the sulfur content of 
producer gas, A number of tests were de¬ 
scribed and the literature was discussed 
relative to this subject. An effort to ac¬ 
complish the purpose by adding lime to 
the coal was unsuccessful. The significance 
of small quantities of hydrogen sulfide in 
producer gas lies chiefly in the corrosive 
property of hydrogen sulfide itself or of 
its products of combustion, as well as in 
the contamination of metallic baths with 
sulfur when heated with producer gas. 

Nitrogen Compounds, Ammonia. At 
one time the ammonia content of coal pro¬ 
ducer gas was of outstanding importance. 
Owing to economic conditions, ammonia 
recovery from byproduct producers such 
the Mond and Power Gas types has now 
become rare. 

A comprehensive literature concerned 
with the effect of various operational fac¬ 
tors on the ammonia content of producer 
gas from byproduct recovery systems is 
available and has been ably reviewed by 
Rambush. It may be assumed, for a nitro¬ 
gen content of an average coal of 0.5 to 2 


percent, that mere heating of the coal be¬ 
tween 500 and 900® C liberates up to 30 
percent of the nitrogen, chiefly as ammonia, 
and that the best ammonia yield is ob¬ 
tained at 800® C. The remainder of the 
nitrogen remains in the coke. During the 
gasification of the coke, especially at rela¬ 
tively low temperatures and in the pres¬ 
ence of ample steam, a conversion of the 
nitrogen in the coke to ammonia can take 
place to an extent equal to 67 percent of 
the nitrogen in the coal. Again a tempera¬ 
ture of 800® seems best for this ammonia 
formation. The ammonia at 800® is not 
in thermal equilibrium with nitrogen and 
hydrogen, hence the gas should be cooled 
rapidly for maximum yield. Ach constitu¬ 
ents and the reactivity of the coke affect 
the nitrogen conversion. Addition of lime 
to the coal increases the ammonia yield. 
The actual recovery of ammonia, depend¬ 
ing on the steam-air ratio, will range from 
30 to 60 percent for 0.8 to 4.4 pounds of 
steam in the blast per pound of fuel. 
Mond producer gas has a peculiar com¬ 
position due to the high steam ratios usu¬ 
ally employed: 17 percent carbon dioxide, 
11 percent carbon monoxide, 24 percent 
hydrogen, 3 percent methane, and 45 per¬ 
cent nitrogen. 

Nitrous Oxide. In recent years the 
presence of small amounts of nitrous oxide 
in fuel gases has attracted a great deal of 
attention because of the gum-forming tend¬ 
ency of nitrous oxide in the presence of 
oxygen and certain unsaturated hydro¬ 
carbons. Nitrous oxide is formed to a 
small extent whenever nitrogen and oxygen 
are present in a gas at temperatures of 
600® C and above. The nitrous oxide con¬ 
centration in producer gas is from zero 
up to 70 grams per million cubic feet, 
depending on the condition of the fire bed. 
It has been claimed that in the absence of 
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blow holes the nitrous oxide content of 
producer gas is zero. 

Hydrogen Cyanide. Other gaseous nitro¬ 
gen compounds, such as hydrogen cyanide, 
can be expected in producer gas in low 
concentrations. Their presence has not 
been studied to any extent. 

COMBUSTION PROPERTIES 

On the basis of the well-known proper¬ 
ties of the constituent gases the combus¬ 
tion qualities of producer gases can readily 
be calculated. For complete combustion 
for the above two typical compositions, 
there is found: 

Coke (Jas Coal Gab 


Cubic feet of air per 100 cubic feet 

I 

II 

gas 

Cubic feet of combustion gas per 
100 cubic feet gas including 

100 

no 

water vapor 

Cubic feet of combustion gas per 
100 cubic feet gua exclusive 

180 

189 

of water vapor 

Percent carbon dioxide in dry 

167 

168 

combustion gas 

20 

21.8 

The flame temperatures of 

the two 

gases 

corrected for dissociation i 

may be 

calcu- 

lated to be (cold gas) 

3,060® F 

’ and 


3,470® F, respectively. 

The rate of flame propagation of pro¬ 
ducer gas is of the order of 0.6 to 0.8 foot 
per second; the rate for hydrogen is as 
high as 9 feet per second, and that for 
carbon monoxide 1.7 feet per second. The 
explosive limits are approximately between 
20 and 70 percent gas in mixture with air. 

Another important factor in determining 
the effect of flames is the radiation power 
of the nonluminous flame, which depends 
on the relative concentrations of carbon 
dioxide and water in the combustion gases. 
At the usual combustion temperatures of 
producer gas (3,000 to 3,500® F) and under 
customary large-scale combustion condi¬ 
tions with the product PI (P is partial 


pressure of carbon dioxide or water in at¬ 
mospheres; I is mean thickness in feet of 
radiating gas) at 0’.25 or more, the radiat¬ 
ing power of carbon dioxide is surpassed by 
that of water. Charts published by Hot- 
tel indicate that, at 3,000® F with PI = 
1 .0, the radiating power of carbon dioxide 
is about 23,000 and that of water 42,000 
Btu per square foot per hour. At PI 
values lower than about 0.25 this condition 
is reversed. This result from the modern 
treatment of nonluminous combustion is 
at variance with the formerly accepted the¬ 
ory that a carbon monoxide flame radiates 
better than a hydrogen flame.^'^® In con¬ 
sidering the relative merits of carbon mon¬ 
oxide and hydrogen in fuel gases the often 
objectionable effect of faster rate of com¬ 
bustion of hydrogen should be balanced 
against the better radiating power of its 
combustion product. Several books 
have been published which discuss the 
combustion of gases. 

Sulfur Producers 

For several years an interesting process 
has been in operation on a large scale at 
Trail, B. C., in which producers are used 
for reduction of sulfur dioxide to sulfur. 
The thermodynamics of this process have 
been described by Lepsoe,^®® who has dealt 
with the kinetics in a second paper. 
The investigation included the different 
possible side reactions and the use of dif¬ 
ferent types of carbon, catalyzers, etc. 

i52Hottel, U. C., Trans. Am. Inst. Chem. 
Bngrs.. 19, 173-205 (1927). 

153 Wheeler, R. V., ref. 06. 

164 Ilaslam, B. T., and Riissoll, R. P., ref. 60. 
Perry, J. II., editor-in-chief. Chemical Engineers^ 
Handbook, McGraw-Hill Book Co., New York, 
1934, 2609 pp. Walker, W. H., Lewis, W. K., 
McAdams, W. H., and Gilliland, E. R., ref. 94. 
Sogeler, C. G., editor. Fuel Flue Oases, American 
Gas Association, Now York, 1940, 198 pp. 

166 Lepsoe, R., Ind. Eng. Chem., 30, 82-100 
(1938). 

106 Lepsoe, R., ibid., 82, 910-8 (1940). 
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Lepsoe concluded that the principal reac- 
tions are: 

SO2 “h C = CO2 “f" ^82 

CO 2 + C - 2CO 

The rate of carbon dioxide formation be¬ 
tween 900 and 1,200® C was in accord with 
the relationship 

(CO 2 ) = 1.11 [(SOa)^-' - SO 2 ] 

the ratio between the apparent reaction 
constants for sulfur dioxide and carbon 
dioxide being 10 : 1. From the fact that 
sulfur dioxide is actually reduced at a rate 
only 5 times faster than the carbon dioxide 
reduction, it was concluded that a third 
reaction 

802 4-200 = 2OO24 32^2 

lakes place as a first-order reaction at the 
coke surface with the ash acting as cata¬ 
lyst. 

Above 1,200® C, the sulfur dioxide re¬ 
duction is governed principally by gas dif¬ 
fusion, the same depth of fuel bed being 
required for sulfur dioxide reduction, re¬ 
gardless of gas velocity. Sulfur dioxide 
and carbon dioxide reduction parallel one 
another, since both reactions require oxy¬ 
gen to supply heat. The hot zone for 
sulfur dioxide reduction is greater than 
that for carbon dioxide, and its tempera¬ 
ture should not be less than 1,300® C. 

Reduction of sulfur dioxide by carbon 
monoxide or carbon oxysulfide is fast 
above 800® in the presence of catalyzing 
surfaces. At low temperatures (250 to 
500® C), slightly hydrated acid-soluble alu¬ 
mina is an efficient catalyst, and the reac¬ 
tion is of the first order. 

In the full-scale plant the process is 
conducted in 10-foot producer shells, using 
coke as fuel, and sulfur dioxide and air, if 
necessary enriched with oxygen, as blast. 
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The elemental sulfur formed in the reduc¬ 
tion process is condensed from the final 
gases. 

Underground Gasification 

In the past the possibility of gasifying 
coal underground has occasionally been dis¬ 
cussed, and among the earlier references 
may be mentioned a paper by Lanza.^®^ 
Since 1933 the process has been seriously 
investigated and exploited by a special 
Russian government trust, Podzem. An 
extensive Russian literature has grown out 
of this work. A review of it in English 
api)eared in 1936 by Chekin and asso¬ 
ciates. 

The simplest method with two holes, one 
for air-blast injection and one for gas ex¬ 
traction, was found to entail many diffi¬ 
culties. Successful results were obtained 
by the ‘‘mining method,” in which shafts 
are sunk and sometimes an underground 
fuel bed is prepared. Obviously, the prin¬ 
cipal difficulty of any of these schemes is 
channeling, with subsequent carbon dioxide 
formation. Among the earlier methods is 
the one of Kirichenko, who prepared the 
coal bed with a series of dynamite-charged 
holes, the charges igniting successively and 
in this manner preparing the fuel bed as 
the fire approached. However, no regu¬ 
larity of operation could be established. 
The method of Kuznetzov calls for the 
])reparation of the coal bed with a set of 
chambers (warehouse method) all con¬ 
nected in parallel to an inlet and outlet 
channel. The chambers were filled with 
crushed coal. The method was tried with 
indifferent success on a 0.45- to 0.5-meter 
anthracite bed; gas varying from 750 to 
1,100 calories per cubic meter (78 to 115 

167 Lanza, L., Fuel, 1, 248-4 (1922). 

168 Chokin, P. A., Semenofl, A. I., and Galln* 
k<‘r, I. S., Colliery Guardian, 163. 1198-6 (1986) ; 
Fuel Economist, 11, 381-5 (1936). 
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Btu per cubic foot) was made with carbon 
dioxide 12 to 18 percent, carbon monoxide 
10 to 19 percent, hydrogen 6 to 12 per¬ 
cent, and methane 1 to 2 percent. The 
preparation of the bed is expensive. One 
large plant is said to be under construc¬ 
tion. 

Two more recent methods have shown 
more promise. One developed by Skaf 
and associates was tested out in the Donets 
Basin at Gorlovka. A coal bed was used 
containing 11,000 to 12,000 tons of gas coal 
(17 percent volatile matter) at a dip of 
70®. The blast was introduced in one test 
])it while the gases were collected from an¬ 
other, A number of cross cuts were pro¬ 
vided in the surrounding rock for access 
to the sidings in the coal bed. The coal 
was not crushed, and little timbering was 
provided. By this ^‘stream method,” using 
a blast containing 27 to 30 percent oxygen, 
a gas, 10 to 12 percent carbon dioxide, 23 
to 27 percent carbon monoxide, 12 to 15 
percent hydrogen, 2 to 3 percent methane, 
43 to 47 percent nitrogen, and 1,000 to 
1,300 calories per cubic meter (104 to 136 
Btu per cubic foot), was made with great 
regularity. The oxygen content of the 
|)last controlled the gas composition. When 
the blow was interrupted, a gas containing 
60 to 70 percent hydrogen and 15 percent 
nitrogen was developed which was attrib¬ 
uted to diffusion into and out of the sur¬ 
rounding rock. This gas was suitable for 
chemical synthesis. Operating the Gor¬ 
lovka mine on periodical blast, there were 
made per 24 hours 25,000 to 30,000 cubic 
meters of power gas (carbon dioxide 18 
percent, carbon monoxide, 15 percent, hy¬ 
drogen 20 percent, methane 3 percent, 
nitrogen 44 percent, 1,225 calories per cubic 
meter [128 Btu i)er cubic foot]) and 12,000 
to 15,000 cubic meters of chemical gas. 
The blow periods varied from 4 to 6 hours. 
With 35 percent oxygen in the blast, a gas 


has been made containing 18 percent car¬ 
bon dioxide, 15 percent carbon monoxide, 
49 percent hydrogen, 4 percent methane, 
and 14 percent nitrogen, which is as good 
as gas from an ordinary producer with 60 
percent oxygen in the blast. The results 
of “stream” gasification with air are less 
promising, although a 800- to 1,000-calorie 
(83- to 104-Btu) gas has been made by 
Grindler. 

In horizontal beds (no dip) such as 
those of the Kuznetz Basin there has been 
more trouble with the roof caving in and 
blocking gas flow. One method for remedy¬ 
ing these difficulties, proposed by Semcnoff 
and Galinkcr, was the use of an alternate 
blow of steam and air (or oxygen). This 
l)rocedure did not require uniformity in 
the fuel bed (“regenerative method”), and 
a si)eeies of blue water gas was thus made. 
Anthracite model experiments yielded a 
gas containing 15 percent carbon dioxide, 
0.5 percent oxygen, 26 percent carbon 
monoxide, 53 percent hydrogen, and 0.7 
percent methane. Construction of five or 
six plants was said to be started on the 
stream and regenerative systems. German 
articles by Gumz on underground gasi¬ 
fication, which reviewed the clevelopments 
of the Russian technique, stated: “Under- 
groimd gasification is possible technically 
and economically, mining labor is reduced 
to a minimum.” A description was given 
in detail of the stream process and of a 
modification in which a blast was intro¬ 
duced on two sides of a part of a coal 
seam with steep dip and gas was extracted 
in the center; danger of the zone’s spread¬ 
ing was thus limited. A slight suction was 
maintained on the gas outlet. The fire 
proceeded from the bottom of the seam 
parallel to the strike. Owing to the dip, 
falling rock did not obstruct the flow of 

159 Gumz, W., Glilckauf^ 76, 210-13 (1940); 
Feuerungstech., 28, 66-9 (1940). 
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gases. Besides five experimental plants 
there is one industrial plant (Gorlovka). 
The experimental unit at the same location 
produced (1938) in one and a half years 
of uninterrupted operation 7 million cubic 
meters of power gas of 1,100 calories per 
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hole. Eventually this hole served as inlet 
for the blast; other holes surrounding it in 
a circle, as gas outlet means. 

Chukhanov has reported on the regu¬ 
lation of temperature in subterranean gasi¬ 
fication. 
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Fid. 24. Volunio, lioutlnj; vnluo. ami compo¬ 
sition of Kasps recovered from underground gasi¬ 
fication of coal a( (lorlovka,’ 

cubic meter (115 Btu jier cubic foot), and 
2 million cubic meters of chemical gas of 
2,000 calories jier cubic meter (210 Btu 
per cubic foot). The coal seam was 1.9 
meter thick with a 70 to 75° dip. The 
composition and quality of the gases ob¬ 
tained by intermittent flow arc shown in 
Fig. 24. 

In a still more recent process reported 
on by Gumz a number of holes were 
drilled in the coal field. The fire was 
started with a double tube in the center 

100 Gumz, W., GlUohauf, 76. 670-2 (1940). 


Applications of Producer Gas 

INDUSTRIAL HEATING 

Gaseous fuel is preferred for all indus¬ 
trial heating processes where the control of 
combustion is of prime importance and 
where direct firing with modern types of 
solid-fuel combustion units is impractical. 
Producer gas has been among the most 
popular types of gaseous fuel since it can 
be made in a continuous process, requiring 
little supervision, from low-grade solid 
fuels. It is in competition with other 
gaseous fuels such as natural gas and blast¬ 
furnace gas, and with liquid fuels like tar 
and fuel oil. 

Distinction must be made between two 
types of application of producer gas. In 
the one the gas is used hot and without 
purification; open-hearth furnaces are an 
example. In the other the gas is cleaned 
(tar and dust removed), and at the same 
time the gas temperature is reduced; coke 
ovens are examples. Use of hot, uncleaned 
gas is preferable from the point of view of 
heat utilization. The sensible heat of the 
gas is utilized, and the tar, partly in vapor 
form and partly suspended in the gas, is 
burnt up with direct recovery of its heat 
value. In this manner the first cost of 
cleaning and cooling installations is avoided 
and preheating of the gas in regenerators 
is partially or completely avoided. The 
principal drawbacks of this type of gas 
utilization are rapid contamination of pipe 
lines, which should preferably be short, 

161 Chukhanov, Z. F., Oompt. rend. aoad. soi. 
V.R.8.8., 27, 203-8 (1940) (in French). 
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contamination of direct-fired products such 
as glass and ceramic ware by the precipi¬ 
tation of suspended ashes on it, sulfur con- 



Fio. 25. SiemeriH producer with atep grate. 
After Rambush.** 

A -= fuel hopper. 

B «= Hloped Bide. 

C « grate bars. 

1) gas offtake. 

E « poke hole. 

F « water spray pipe. 


tamination of the products by the impuri¬ 
ties in the gas, and deposition of ashes in 
regenerators. 

Cleaned gas lacks these objectionable 
features, and its use has increased. It 
should be realized, however, that although 
cleaning is feasible for gases derived from 
any type of fuel a rather elaborate instal¬ 
lation is required for the gas from 
fuels of high volatile content (bituminous 
coal, wood, etc.). The removal of small 
amounts of tar fog is among the most dif¬ 
ficult cleaning problems. By preference, 
therefore, fuels of low volatile matter (an¬ 
thracite, coke) are used in the manufac¬ 
ture of cold, clean producer gas. Ade¬ 
quate cleaning of hot gas without cooling 
has as yet not proved feasible. Certain 
kinds of producers such as the double¬ 
draft type are designed to decompose the 
tar derived from volatile matter by con¬ 
tact with the incandescent portions of the 
fuel bed. 
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Fig. 26. Glover-West Btep-grate producer with pressure equipment. 
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Among the literature pertinent to the 
ai)plication of producer gas to steelworks 
practice, an exhaustive study of Husson 
was concerned with the characteristics of 
producer gas required for use in open 
hearths. The effect of volatile matter in 



A = Fuel Bed 
B = Hopper 
C=Gas Offtake 
= Grate 
//=Ash Pan 
/J=Water Jacket 
Poke Holes 

Fig. 27. PiorHon suction gas producer. After 
ttambiish.®* 

the coal upon the quality of the resulting 
gas was studied. Slottman^®^ discussed 
the status of the gas producer in the iron 
and steel industry, as also have Luth and 
Le Chatelier.^®* Suggestions for the use 

102 Huhsoii, G., Rev. ind. mindrale, 2, 373-406 
(1922). 

103 Slottman, G. V., Proc. Srd Intern. Conf. 
Bituminous Coal, 1. 866-73 (1931). 

304 Luth, F., Stahl u. Risen, 52. 1213-21 
(1932). Lo Chatelier, C., Chimie d industrie, 
37, 835-51 (1937). 


of oxygen-enriched air in making producer 
gas for open-hearth furnaces have been 
made by Nagle 

The qualities of producer gas and its 
use in glass furnaces have been discussed 
by several authors.*®® The possibilities of 
substituting clean producer gas for city 
gas in different glassworks applications 
were pointed out. The suitability of coals 
for use in glassworks producers was re¬ 
viewed in some detail by Sismey.*®^ The 
qualities of coals desirable for built-in as 
well as for mechanical producers were 
discussed, including the effect of size, hard¬ 
ness, volatile-matter content, caking tend¬ 
ency, ash content, sulfur content, chloride 
content, and calorific value. 

The use of jiroducer gas for underfiring 
of coke-oven batteries and gasworks fur¬ 
naces has been discussed by several au¬ 
thorities.*®® Its outstanding advantage is 
the economic utilization of the smaller sizes 
of coke, unsuited for domestic or indus¬ 
trial markets. 

POWER 

The use of producer gas in combustion 
engines is relatively old. The overall effi- 

] 05 Nagle, T., Am. Inst. Min. Met. Engrs., 
Vonirib. 100 (1936), 5 pp. 

JooWiiidett, V., Proc. Engrs. Soc. West, 
Penna., 44, 11-46 (1928). Romlg, J. W., Glass 
Ind., 10, 283-5 (1929), 11, 1-3, 30-1, 62-3, 
80-1, 170-81 (1930). Hurlbut, F. J., J. Boo. 
Class Tech., 10, 330-8 (1935). Knapp, 0., 
Clashutie, 65, 561-4 (1935), 68, 553-6, 579-80 
(1938). Gauger, A. W., Bull, Am. Ceram. Soc., 
10, 365-8 (1940). 

107 Sismey, D., J. Soc. Glass Tech., 21, 215-31 
(1937). 

lOSKambUHh, N. E., and Townend, F. S., 
Trans. 2nd World Power Conf., Berlin, 2, 165-75 
(1930). Illlgenatoek, P., OlUckauf, 67, 1199- 
203 (1931). Kellner, F., ibid., 68, 1165-78 
(1932). Kireher, A., Bergbau, 1085, 828-9. 
Dinsdale, C., and CurtiH, E. A., Colliery Guar¬ 
dian, 152, 160-2, 201-2 (1936). Drury, P. G., 
Cas World, 104, Coking Sect. 16-24 (1936), 100, 
(\>king Sect. 89-90 (1938) ; Colliery Guardian, 
157, 329-81 (1938). 
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Fio. 28. Wellman-Seaver-MorRan gas prodiu*»*r using coal. 


ciency of the eonvertiion of chemical en¬ 
ergy of the fuel to mechanical energy of 
the engine is fairly good for the combina¬ 
tion producer-gas engine; its first coat and 
supervision cost are moderate compared 
with those of a boiler-steam engine instal¬ 
lation, especially for a small-scale plant. 
With the advent of the more modern types 
of stokers for cheap boiler fuel, of natural 
gas, and especially with the prevailing low 
prices and availability of fuel oil for Diesel 
engines, power producers have become rare. 


Economic conditions abroad, being radi¬ 
cally different from the standpoint of fuel 
availability, have forced a development in 
the opposite direction, and a veritable re¬ 
vival of power producers has taken place 
in England, France, and Germany. These 
producers are meant to be used principally 
as individual, small units, on automotive 
vehicles, especially trucks, and to eliminate 
the use of gasoline. It is obvious that 
producer gas for a gas engine should be 
cold and clean, and a number of ingenious 
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Fig. 29. Chapman gas producer. 


cleaning devices for this purpose have been 
built. A number of excellent reviews have 
been published on this late development of 
the power producer, outstanding among 
which is a paper by Goldman and Clarke- 
Jones,!*’’’ who covered the field in very 
satisfactory manner and gave a large num¬ 
ber of references. Other notable papers 
dealing with these developments are by 
Hartner-Seberich, Berthelot, Bruckner, and 
Finkbeiner.^^^ 

109 Goldman, B., and Clarke-Jones, N., J. Inst. 
Fvcl, 12, 103-40 (1939). 

170 Hartner-Seberich, R., Brennstoff-Chem., 17, 
1-11 (1936) ; Fuel, 1«, 15-27 (1937). Berthe¬ 
lot, C., Gdnie civil, 110, 376-8 (1937). BrUck- 
ner, H., Gas- u. Wasserfach, 80, 44(>-51, 463-6 
(1937). Finkbeiner, H., Feuerungstech., 26, 
106-9 (1939). 


Fuels for vehicle producers have been 
discussed by several investigators.^^^ 
Rasch^^2 discussed especially the clinker 
problem of vehicular producers. A num¬ 
ber of pamphlets also have appeared deal¬ 
ing with vehicular producers.’^''* 

171 Smith, D. J., Proc. Inst. Automobile Engrs., 
14, 169-239 (1920) ; Engineering, 100, 59-64, 
92-5 (1920). Berthelot, C., Chimie d Industrie, 
34. 759-62 (1935). Schultes, W., Brennstoff- 
Chem., 17, 61-7 (1936). Gevers-Orban, B., Rev. 
universelle mines, 13, 249-59 (1937). Linne- 
born, H., et al., Automobiltech. Z., 40, 449-68 
(1937). 

iTCRasch, R., Gliickauf, 75, 239-42 (1939). 

173 Gas Producers for Motor Vehicles, Their 
Design and Operation, Science Library, Biblio- 
grapliical Series 416, London, 1938, 8 pp. (161 
references 1930-1938). Petit, H., Les v^hicules 
d gazogene, Dunod, Paris, 1938, 75 pp. Rouyer, 








Fig. so. Koppers-Kerpely gas producer with coke distributor, revolving grate, and aslipan 
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SYNTHESIS AND OTHER HIGH-BTTJ GASES 

By special procedures, gases different 
from common producer gas can be made 
by continuous complete gasification of dif¬ 
ferent fuels. For the purpose of synthesis 
of hydrocarbons by the Fischer-Tropsch 
process a gas containing 1 volume of car¬ 
bon monoxide to 2 volumes of hydrogen is 
required. Several continuous processes are 
able to meet this requirement. Similar 
processes are used to produce gases of high 
heating value suitable as city gas. 

Classification op Producers 

USUAL constructions 

Blast and Fuel Travel. One customary 
distinction in producer classification is de¬ 
termined by the direction of travel of the 
blast and the fuel. The simplest and com¬ 
monest type of producer with fuel travel 
downward and blast upward is the up-draft 
producer. Ash is removed from the bot¬ 
tom of the fuel bed, gas from the top. The 
gas contains the distillate from the volatile 
matter of the fuel in a slightly decomposed 
form. In the down-draft producer the di¬ 
rection of the blast travel as well as that 
of the fuel is downward. The volatile mat¬ 
ter is more completely decomposed by 
forcing all the gases through the hot zone. 
This type of producer is not used to an 
appreciable extent. The cross-draft pro¬ 
ducer with the introduction of the blast 
on one side with practically horizontal 
travel of blast across the fire bed to the 
gas outlet on the other ?ide, and fuel travel 

O., Stude des gazoghnea poriatifa, Dunod, Paris, 
1938, 76 pp. Flnkbeiner, H., Hochleistunga- 
Oaaerzeuger fur Pahrzeughetrieh und ortafeate 
Kleinanlagen, J. Springer, Berlin, 1938, 99 pp. 
Heywood, H., and Rose, H. B., Britiah Coal 
Utilization Reamrch Aaaoc., Doo. 0/446 (1939), 
35 pp. Hartley, H., Chairman, Report of the 
Committee on the Emergency Converaion of 
Motor Vehiclea to Producer Oaa, Mines Dept. 
(Brit.), London, 1940, 27 pp. 


downward, has become popular for small- 
scale, high-speed vehicular producers. An 
additional, relatively rare type is the 
double-draft producer, in which the blast 



Fio. 31. Wellman Guluslm gas producer. 


enters from above as well as from below. 
It has several features of the down-draft 
producers. 

Pressure Conditions. Atmospheric (or 
balanced-draft) producers operate under 
pressures substantially atmospheric. In 
order to overcome the resistance of the fuel 
bed to the blast, air blowers or injectors 



Pig. 82. Dowson double asone auction gaa producer using bituminous coal After Rambiish ® 



Plan of Tuyeres 


Fig S3. Wuerth’s liquid alag gas producer. After Rambush 
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' Pig. 34. Phllllpon slagging producer plant 
A »» gas producer. e <= water separator. 

B - dust catcher. p.Q - gas holders. 

C » scrubbers. ,/ * air preheaters. 

D = disintegrators. if » gas burners. 

A A - waste-gas duct. 


;ire needed to operate such producers; if 
the gases are to be used at some distance 
away from the producer, boosters are em¬ 
ployed occasionally for gas transmission. 
This type of producer is safe from the 


supplied the suction required to force the 
blast through the fuel bed. It is obvious 
that this type of producer cannot work 
with very high blast rates and is there¬ 
fore limited in capacity. The brick shaft 
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Pin. 35. Wisco gas producer.’®" 

point of view of gas leakage and control 
and is by far the most common The gas 
pressure at the top of the producer is 
usually slightly positive, from 1 to 5 inches 
water column. 

Suction producers were often used in the 
manufacture of power gas; the gas engine 


Fig. 36. Koela up-draft gas producer. 

producers often of the so-called built-in 
type, found in gasworks, are usually suc¬ 
tion producers. 

Pressure producers serve special pur¬ 
poses where gases other than ordinary pro¬ 
ducer gas are desired. High pressure is 
extremely desirable for the production of 
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gases having a high methane content. Pres¬ 
sure producers are totally enclosed and 
sealed. 

Azh Removal. The original Siemens 
producer had a stationary grate and fire 
door. At definite intervals ash and clinker 
were eliminated by hcmd removal. Such 



interruptions in operation meant loss of 
efficiency. Later types of hand-operated 
cylindrical producers removed ash from 
the periphery of the cylinder which was 
set up in a circular pan. For higher oper¬ 
ating rates, it was necessary to introduce 
the blast under pressure, and naturally the 
old ash-removal systems had to be modi¬ 
fied. The producer shell was sealed either 
by boxing it in (dry seal) or by placing it 
in a water-filled pan (water seal). Later 
the ash removal in such producers was 
usually made automatic by rotating either 
the producer shell or the seal pan. The 
ash normaUy flows out of the shell and sets 



itself up according to its angle of repose. 
By rotating either the shell or pan and 
placing an obstruction (plow) in the path 
of the ash the angle of repose is dis¬ 
turbed, the ash builds up in front of the 
obstruction and is removed by spilling 
over the edge of the pan or by digging it 
out of the pan. Most modern producers 
have this type of mechanical ash removal. 

A radically different type of ash re¬ 
moval determined by the difference in the 





STIRRING DEVICES 


operation of the producer is the Blagging 
’producer. As in a cupola or blast furnace, 
the ash in this type of producer is allowed 
to melt and is collected in the liquid state 
in the hearth of the producer. It is re¬ 
moved by tapping at set intervals, or 
sometimes it is permitted to cool and re¬ 
moved as a solid ball of clinker. 

A third method of ash removal is to 
carry it away with the gases and to collect 
it in dust pockets provided in the gas lines. 
This procedure is followed in part in a 
number of high-speed producers. 

Blast Introduction. In up-draft pro¬ 
ducers the blast is usually introduced un¬ 
der pressure. Whereas the older types of 
producers had flat, inclined, or stepped bar 
grates, the newer units have conical-shaped 
grates fabricated from either flat plates 
with spacers or castings with rows of holes. 
Sometimes the grate is shaped like a mush¬ 
room. The blast enters through the hol¬ 
low center of such a grate and is distrib¬ 
uted through the holes or slots into the 
fuel bed somewhere near the center of the 
producer. It is advantageous to do this 
since the gases have a natural tendency to 
rise up along the walls. Usually the de¬ 
sired quantities of steam are added to the 
air blast underneath the grate. In slag¬ 
ging producers the high-velocity blast is 
introduced through cooled tuyeres situated 
in the side walls of the producer. 

Fuel Feed. Up-draft producers in the 
simple form are fed intermittently by drop¬ 
ping hopper loads of fuel into them, the 
fuel being distributed evenly over the bed 
by means of simple baffling devices and 
variously shaped “bells.” An improved 
type of feed found in many mechanical 
producers is a magazine feed which auto¬ 
matically maintains the fuel bed at the 
desired level. Ring feed, pantsleg feed, and 
similar designations are applied to this ap¬ 
paratus. Some of these feed devices will 
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exert at the same time a leveling effect on 
the top of the fuel bed. Simple stationary 
magazines with pipes reaching down to the 
fuel bed are likewise in frequent use. For 


\ 



Fig. 40. Lurgi gas producer for high-pressure 
oxygen-blast operation. After Danulat.'** 


fuels having high volatile-matter content 
magazine feeds are less popular because of 
preearbonization difficulties in the maga¬ 
zine. For special fuels, a more compli¬ 
cated feeding arrangement such as a worm 
feed may be found necessary. 

Stirring Devices. In order to maintain 
the fuel bed of the up-draft producer in 
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uniform physical condition stirring is often 
applied from below or above. In general, 
in mechanical producers it is applied from 
below. The rotation of the pan or shell 
creates an agitating effect, especially if the 
grate cone is slightly offset from the center 
line of the producer or if stirring devices 
are attached to the grate. Stirring from 
the top of the fuel bed is applied for fuels 
like bituminous coal that tend to cake. It 
is necessary to loosen the cake continuously, 
in order to prevent channeling of the blast, 
by means of cooled poker bars, raking de¬ 
vices, or similar apparatus. 


Shell Constrvction. Built-in producers 
are constructed as a square firebrick shell 
with a magazine-type feed. Practically all 
other producers are built as cylindrical 
steel shells. For protection against heat 
such shells are either lined with fireclay 
brick or backed up with a water jacket. 
With a water jacket, low-pressure and 
sometimes high-pressure steam is frequently 
produced. The walls of the clay-lined pro¬ 
ducers should be kept relatively cool to 
avoid the formation of “wall clinker.** 
Sometimes plain steel shells are used for 
small producers in which the fire zone is 
in the center of the charge (as in the cross- 



PiG. 41. Luri?i gas producer plant for operation with oxygen under pressure. After Danulat.’^* 


A » air. 

B * nitrogen. 

C - oxygen. 
n - fuel. 

E * steam. 

F = crude gas. 


a - ash. 

H — tar. 

/ - middle oil. 
K =« benzine. 

L « pure gas. 


a = steam boiler. 
h air compressor. 
r *> separator. 
d — oxygen compressor, 
f == steam superheater. 
/ - gas producer 
g » cooler. 

h * benzine scrubber. 


1 = stripping apparatus. 
k = pressure water wash. 
7 * pump, 
m = turbine. 

« = aeration tower. 

0 => extraction of sulfur 
residue. 
p air blower. 
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draft producer) and separated from the Chapman, Morgan, and Wood producers 
walls by unconsumed fuel. (Figs. 28 and 29), which are provided with 


MISCELJ.ANEOUS CONSTRUCTIONS 

Hand-Operated Producers. As shown in 
Figs. 25 and 26, this simple type of pro¬ 
ducer is essentially a brick shaft, part of 
which constitutes the fuel magazine, and a 
flat or step grate. It is often built integ¬ 
rally with the furnace to be fired, hence 
the designation **^built-in” producer. This 
producer is hand-ashed and frequently 
hand-fed. Occasionally the grate is sealed 
and pressure blast used, but the unit is 
customarily operated under a suction. A 
fairly large number of these producers are 
in operation. Their characteristics, oper¬ 
ation, and results have been described fre¬ 
quently The throughput of these pro¬ 
ducers is 10 pounds of fuel per square foot 
per hour or less, and quite often the gas 
quality is erratic. Rambush has described 
at some length a number of producers in 
this classification.®® 

From the simple square brick shell, there 
is a gradual transition to the cylindrical 
steel-shell, brick-lined producer with the 
several types of blast introduction. An ex¬ 
ample of a small suction producer unit is 
shown in Fig. 27; it is hand-ashed and 
magazine-fed. This type of producer, in¬ 
tended to provide gaseous fuel in connec¬ 
tion with a gas engine, is suction operated 
and usually of up-draft type. It is the 
prototype of modern vehicular producers. 

Mechanically Operated Producers. Up- 
Draft: Among the more common producers 
of this class for coal are the Wellman, 

174 Kennedy, P. J., Am. Qas J., 183, No. 1, 
50-2, 57 (1930). Haug, J. S., Proc. Am. Oaa 
Ashoc., 1080, 970-6. Smith, E. W., Gas ,J., 196, 
204-7 (1931). Dnbols. E., and Rcbmid, .T., Gas- 
u. Waaserfach, 75, 921-6 (1932) ; Gas J., 200, 
694 (1937). Stadler, O., Schweiz, ver. Gas- u. 
Waaaerfach., Monata-Bull., 16, 25-36 (1936) ; 
J. uainea gaz, 00, 528-88 (1936). 



Pig. 42. Drawe gas producer for operation 
with oxygen at atmospheric pressure.' 
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stirring devices, revolving central grate or 
shell, brick lining with or without jacket, 
mechanical fuel feed, and pressure blast. 
Producers of this type for use with coke 
or anthracite as fuel are the Koppers-Ker- 
pely, U.G.I., KoUer, and Galusha (Figs. 30 
and 31), usually without an upper stirring 
device and provided with a low-pressure 
steam jacket. These units have mechani¬ 
cal ash-removal mechanism, magazine fuel 
feed, revolving central grate, and pressure 
blast. There is considerable variety in de¬ 
tail of construction of these producers. 

The Trefois producer has been described 
by Holton,”'^ the Sauvageot producer by 
Delot and others; articles have also 

176 Holton, A. L., and Applebee, H. C., Oas J., 
102, 150-6 (1930) ; Gas World, 08, 340-6 (1930). 
Holton, A. L.. Coke, 1. 201-2 (1939). 

176 Delot, M., Aciere sp6oiaux, 8. 568-74 


been published which have described the 
Heurtey producer,^^^ the “ash crusher pro¬ 
ducer,” the high-pressure steam jacket 
producer, including the Marischka and 
Pintsch types,^^® the Schwaller,^®® the Ga¬ 
lusha,^®^ and the KoUer ^®2 producers. 

The more common types of producers of 
this class are amply described in aU stand¬ 
ard textbooks. The maximum rates of 

(1030) ; Stahl u. Eisen, 80, 1376 (1930). Anon., 
Chaleur ei tnd.. 14, 824-5 (1983). 

177 Anon., Q6nie civil, 08, 403-4 (1931). 

178 Anon., Chaleur et ind., 12, 268-60 (1931). 
Caldier, M., ibid., 18, 132-6 (1932). 

179 Mczger, R., Kratscli, H., and Bautn, K., 
Oas- u. Waaaerfach, 75, 826-30 (1932). Hecker, 
K., ibid., 75, 329-35 (1932). 

180 Schwaller, F., Verre silicates ind., 7, 142-4 
(1936). 

181 Anon., Fuel Economist, 5, 619-20 (1930); 
Iron d Coal Trades Rev., 122, 318-9 (1931). 

182 Anon., Iron d Coal Trades Rev., 128, 232 
(1931). 



Pio. 43. Winkler gau producer for operation with oxygen under pressure.^ 
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gasification for producers in this class are 
normally in the neighborhood of 60 pounds 
per square foot per hour, but results as 
high as 100 pounds per square foot per 
hour have been reported. The average 
size of this type of producer is 7 to 12 
feet width, with a fuel-bed height 2 to 6 
feet. For constructional details the litera¬ 
ture should be consulted. This type of 
generator is in use for making hot un¬ 
cleaned gas from high-volatile-matter fuels 
as well as for making cold clean gas. Most 
of the processes for making special gases 
by complete gasification are of the up¬ 
draft mechanical type and will be dis¬ 
cussed later. 

Dovm-Draft and Double-Draft: Rela¬ 
tively few producers of this type are now 
in common use except as small units on 
motor vehicles. Rambush®® quoted from 
a Canadian work on various producers: 
“The combustion on the down-draft prin¬ 
ciple in the upper zones has many draw¬ 
backs and should be used only when it is 
not feasible to employ an up-draft pro¬ 
ducer requiring an elaborate external plant 
for removing the tar from the gas.” The 
thermal efficiency of this type of plant ap¬ 
pears to be relatively low. Likewise work 
by Fernald indicated lower heating value 
of the (coal) producer gas from down-draft 
producers with no significant increase in 
gas volume. It is evident that the cold 
efficiency is low, probably because of in¬ 
creased gas outlet temperatures. 

An example of a double-draft producer 
plant is shown in Fig. 32. Down-draft 
producers of the suction as well as the at¬ 
mospheric type have been built. Double¬ 
draft producers in which the air blast 
moves from the top of the fuel bed down 

issBllzard, J., and Malloch, B. S., Can. Dept. 
Mines, Bull. 33 (1921), 40 pp. 

184 Fernald, R. H., U. S. Bur. Mines, Bull. 109 

(1016), 74 pp. 
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as well as from the bottom of the fuel bed 
up should not be confused with the 
“double-gas” type of generators, which 
make water gas in an intermittent process. 

Slagging Producers. Slagging producers 
have been discussed previously; typical ex¬ 
amples are shown in Figs. 33 and 34. Their 
throughput is high; figures of 700 pounds 
per square foot hour have been reported. 
Usually the hearth of these producers has 
iron as well as slag tapping notches, and 
the air blast is preheated. Several types 
of slagging producers have been described 
in detail by Rambush.®® 

Vehicular Producers. Goldman and 
Clarke-Jones ^®® pointed out that up-draft, 
down-draft, double-draft, as well as cross- 
draft producers are used in generating fuel 
gas for vehicle engines. 

Among the up-draft producers should be 
mentioned the German Wisco, Hansa, and 
Humboldt-Deutz, the British Koela, the 
Italian Dux, and the French Malbay and 
CGB types. They yield the best-grade 
gas but are subject to tar troubles; the 
preferred fuels in these units are low-tem¬ 
perature coke, anthracite, charcoal, or 
charcoal briquets. Steam is normally used 
in the blast. Figure 35 shows the Wisco 
producer. 

Down-draft producers include the Brit¬ 
ish Koela, Italian Fiat, German Imbert, 
Swedish Svedlund and Grahara-Stedts, and 
French Im])ert, Panhard, Sabatier, Sagam, 
Guillaume, and Rustic types. The gas 
made is of lower quality but the tar is de¬ 
stroyed. Usually no water vapor is used 
in the blast. Preferred fuels are charcoal, 
or charcoal briquets, wood, and other tarry 
fuels. Figures 36 and 37 show a type of 
producer which can be used for either up- 
or down-draft operation. 

Double-draft types hre the French 
Brandt and the British Koela producer. 
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A novel producer hitherto used only as 
a vehicular unit is the cross-draft type. 
Figures 38 and 39 are typical examples of 
this construction. A water-cooled tuyere 
inserted inside the shell almost to the cen¬ 
ter of the charge serves as the air inlet 



with or without moisture addition to the 
blast. The gas leaves at the opposite side 
of the shell. Producers of this type are 
the French Gohin-Poulenc (the original 
one) and Dupuy, British HSG, and Bel¬ 
gian Bellay. Charcoal, low-temperature 



a - Lignite Briquets 
6 - Low Temperature Carbonization 
Gas and Recirculated Gas 
c - Low Temperature Carbon Shaft 
d - Electrical Tar Precipitator 
e - Gasification Shaft 
/- Recirculated Gas 
Heating Gas 
Regenerator 

i - Recirculated Gas and Heating Gas 
/c-Recirculated Gas Blower 
I - Recirculated Gas arid Heating Gas 
m - Waste Gas 
w-Air Blower 

o-Gas Scrubber and Water Evaporator 
p - Cooler for Production Gas 
q-Gas Aiake 


0 - Briquet Hopper 
/>-Automatic Scale 
r-Automatic Feeder 
d-Coal Distributor 

e ~ Low Temperature Carbonization Shaft 
/- Gasification Shaft 
g - Ash Removal 
h - Circular Blast Pipe 
i - Regenerator 

Recirculated Gas Header 
A- -Waste Gas Pipe 
I - Low Temperature Gas and 
Recirculated Gas 
m-Gas Make 


Fig. 44. PintBCh-Hillebtand gas producer with recirculation. 
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coke, anthracite, or mixed fuels are pre¬ 
ferred fuels. The fuel should be fairly re¬ 
active. The ash is removed as a fused 
ball. Easy starting is claimed as an ad¬ 
vantage for this type of apparatus. Since 
the extremely hot fire zone is in the middle 
of the charge, the walls of this producer do 
not require lining. Variations of this pro¬ 
ducer type preheat the blast (Bellay). 
The Gohin type of vehicular producer 
seems the most practical and efficient unit. 
All vehicular producers are hand-charged 
and hand-ashed. 

Special Producers. For operation with 
oxygen there has previously been described 
the Lurgi producer, shown in Figs. 40 and 
41. It can operate under pressure. The 
unit has a rotating grate and a water 
jacket (3 meters high) and is about 1 
square meter in cross-sectional area. An 
earlier type of oxygen-blast producer 
(Drawe) is shown in Fig. 42. It operates 
under atmospheric pressure. 

The Winkler producer, Fig. 43, also op¬ 
erating under pressure, works by prefer¬ 
ence on pulverized lignite which remains in 
suspension due to high blast velocities. 
Ash is removed by a wiper revolving over 
the flat grate, while part of the ash is 
entrained with the gas and removed from 
the largo dustlegs following the producer. 
The fuel is introduced by a screw con¬ 
veyor. The shaft area of the Winkler ap¬ 
paratus is about 20 square meters. 

The Pintsch-Hillebrand generator, Fig. 

44, has a pair of regenerators underneath 
the gasification and carbonization chamber. 

The Thyssen-Galoczy gas producer. Fig. 

45, operates with oxygen blast and slagging 
ash removal. 

The construction of these various pro¬ 
ducer types is obvious from the illustra¬ 
tions. For detailed descriptions the litera¬ 
ture should be consulted. 


Operating Results 

In previous chapters operating results of 
some of the special types of producers, 
such as oxygen-blown, slagging, and under- 



Fio. 45. Tliysson-Galoczy gas producer for 
Hlagging oporatlon and oxygen blaHt.‘“‘ 
a — combuBtion chambers all around the pro¬ 
ducer. 

b = inlet for oxygen saturated with water 
vapor. 

c == inlet for auxiliary fuel gaH 
d =* inlet for secondary oxygen or sloani. 
e =* iron notch. 

/ *= slag notch. 

g «= replaceable cooling jacket. 
h~k - water inlets to jacket, 
t = water outlet from jacket. 

I == spray for outside cooling of jacket. 
m = water outlet. 
n « gas outlet pipe. 

0 gas outlet. 
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ground, have been dealt with briefly. Such 
data are rather scarce. Abundant infor¬ 
mation is available in the literature on 
operating results of the more common 
types of producers, particularly of large 
up-draft and small vehicular ones. Elabo¬ 
rate reviews of producer practices and gen¬ 
eral discussions of the producer process 
have been given by a number of authors.^®® 
Heat balances and test data on large 
up-draft producers are given by several 
others.^®® Standards for testing gas pro¬ 
ducers have been set up by the American 
Gas Association and by the American So¬ 
ciety of Mechanical Engineers,^®^ also by 
different German and Dutch associations.^®® 
Standards of testing have been discussed 
also in several papers.^®® 

186 Dyrssen, W., Yearbook Am. Iron Steel Inst., 
18, 96-162 (1923). Donig, F., Proc. Am. Oan 
Assoc., 1927, 1210-36. Chapman, W. B., Trans. 
World Power Conf., London, 2, 1335-.64 (1928). 
l)<*moro8t, D. J., Fuels and Furnaces, 7, 1679 
(1929), 8, 235-8, 349-52 (1930). Wilson, L. J., 
Fuel, 9, 152-64 (1930). Komig, ,7. W., Am. Gas 
J., 138, 47-8, 54-6 (1930). Slottman, G. V., 
Proc. Am. Gas Assoc., 1930, 978-85. Taylor, F. 
.1., Iron d Steel Industry, 4, 191-3, 330-42, 371-4 
(1031). Windett, V., Yearbook Am. Iron Steel 
Inst., 21, 218-93 (1931). Pfluke, F. J., Proc. 
Am. Gas Assoc., 1931, 936-7. Bennett, J. G., 
J. Soc. Glass Tech., 28, 154-70 (1939). 

188 Morris, W. R., Proc. Am. Gas Assoc., 1922, 
39. Mezger, R., Kratsch, H., and Baum, K., 
Gas- u. Wasserfach, 75, 825-30 (1932). Hecker, 
E., ibid., 75, 329-36 (1932). Romig, J. W., Am. 
Gas J., 188, No. 6, 17-20 (1933). Deneke, H., 
Gas- u. Wasserfach, 77, 129-31, 149-54, 168-73 
(1934). 

187 Pfluke, F. J., Chairman, Proc. Am. Gas 
Assoc., 1980, 1042-95. Magruder, W. T., Chair¬ 
man, Power Test Godcs, Am. Soc. Mech. Engrs., 
Series 192S: Test Code for Gas Producers, Am. 
Soc. Mech. Engrs., 1928, 20 pp. 

188 RichtUnien fUr Vergebung und Abnahme 
von Sohwachgaserzeugern fUr Kokereibeiriebe, 
Kokereiausschuss Ver. bergb. Int. Essen und Ver. 
deut. Eisenhlittenleute Dusseldorf, Essen, 1932. 

189 Anon., Gas- u. Wasserfach, 78, 654-6, 577- 
80 (1930). Plenz, F., <7a« World, 101, 226 
(1934). 


The results obtained with different fuels, 
especially 093 !, in up-draft producers, are 
the subject of many papers^®® in which 
the effect of fuel composition on the gas 
is discussed. The use of small coke 
(breeze) in producers has been given spe¬ 
cial attention.^®^ European literature 
abounds with information relative to the 
use of low-grade and special fuels, such as 
wood, lignite, lignite briquets, lignite coke, 
and low-temperature coke, in producers.^®^ 

A few typical operating figures on large 
mechanical up-draft producers using coal 
or coke are given in T/ible V. Typical heat 
balances of a coal producer making hot 
uncleaned gas and of a coke producer mak¬ 
ing cold clean gas are given in Table VI. 
Useful performan(‘e data on the operation 
of vehicular producers are given by Gold¬ 
man ;ind Clarke-Jones,^®® a jiart of which 
IS condensed in Table VII. 

190 Loose, G., Ing. d cfiim., 16, 142-69 (1928). 
Bowmuker, K. J. C., and (’anwood, .1. I), J. Soe 
Glass Tech., 14, 16-29 (1930). Fraiieklyn, 0, 
Trans. Am. Inst. Mining Met. Engrs., 1980, 
706-13. Scales, O. 1^., Blast Furnace Steel 
Plant, 19. 252-4 (1931). Gevcrs-Orbaii, R., 

Rev. universelle mines, 10, 313-20, 347-52, 376- 
86 (1934). 

loiW^llsoii, Ti. M., Fuel, 10, 69 71 (1931). 
Baleinun, J., Gas ,/., 208, 897-9 (1934). Swee 
ney, J. G., Am. Gas Assoc., Prod, d Chem. Comm. 
Conf., 1935. Qvarfort, S., Sehweiz. Yer. Gas- u 
Wasserfach, Monats-Bull., 19, 157-62, 189 

(19.39) ; Gas J., 227, 714-9 (1939). 

102 Anon., World Power Conf., London, 2, 993 
1002 (1928). Schultzp, K., Glashutte, 65. 307-8 
(1935). MOller, R., Braunkohle, .35, 417-20 
(19.36) ; Z. Ver. deut. Ind., 81, 1167-71 (1937). 
Rainmier, E., Braunkohle, .36, 334-52 (1937) ; 
Gas- u. Wasserfach, 80, 683-9 (1937). Wohl- 
schlfiger, H., Z. Ver. deut. Ing., 81, 1299-304 
(1937). Flnkbeiner, H., Arch. W&rmewirt., 19, 
159-62 (1938). List, H., Z. Ver. deut. Ing., 82, 
465-6 (1938). Coupan, G., G6nie civil, 118, 
421, 448 (1938). Winkelmann, H., Feuerungs- 
tech., 20, 112-8 (1938). Rammler, E., Brletling, 
K., and Gall, J., ibid., 27, 103-8 (1939). 
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Fuel 

Size 

Moisture, percent 
Volatile matter, percent 
Fixed carbon, percent 
Ash, percent 

Heating value (dry basis), Btu per pound 
Ash fusion temperature, °F 
Throughput dry fuel, pounds per hour 

Blast 

Air volume, cubic feet per pound dry fuel 

Saturation temperature, ®F 

Steam, pounds per pound of dry fuel 

Gas composition, percent 
CO 2 

Illuminants 

O2 

CO 

CH 4 

H2 

N2 

Heating value (gross), Btu per cubic foot 

Temperature outlet producer, "F 

Gas volume, cubic feet per pound dry fuel 


I 

II 

III 

Coal 

Coal 

Coke 

Lumps, 

Slack, 70% 

97% through 1 in. 

2 to 4 in. 

through ^ in. 

14% through in. 

1.3 

9.5 

10.9 

35.0 

38.0 

1.9 

56.5 

44.4 

88.3 

8.2 

8.2 

9.9 

15,296 

13,833 

12,605 

2,780 


2,550 

3,890 

4,040 

3,200 

Air-steam 

Air-steam 

Air-steam 

49.0 

42.8 

51.6 

126 

138 

137 

0.316 

0.43 

0.53 


4.3 

4.8 

5.8 

0.4 

0.5 

0.0 

0.1 

0.2 

0.3 

26.7 

25.0 

26.0 

3.1 

2.8 

0.6 

13.9 

12.8 

12.1 

51.5 

53.9 

55.3 

169.5 

160.2 

129.4 

1,400 

1,146 

1,148 

68.6 

63.1 

74.1 


TABLE VI 


Typical Heat Balances of a Coal Producer 
Making Hot Uncleaned Gas and a Coke 
Producer Making Cold Clean Gas 



Coal 

Coke 

Input 

percent 

percent 

Heating value fuel 

97.6 

96.2 

Sensible heat, steam 

2.4 

3.3 

air 


0.5 

Output 

100.0 

100.0 

Heating value cold gas 

74.3 

76.0 

Sensible heat in gas 

12.1 

5.7 

Heating value tar 

5.1 



Output ] 

Coal 

percent 

Coke 

percent 

Sensible heat in tar 

0.2 


Heat in steam, from waste- 

heat boiler 


7.3 

from jacket 


5.1 

Heat loss, in tar, dust, etc. 

2.2 


in cooling water 

0.3 


in carbon in ash 

0.4 

1.0 

in water vapor 

1.9 

3.8 

in radiation 

3.5 

1,1 


100.0 

100.0 

Cold efficiency (based on gross 

heating value of cold gas) 

76.1 

78.9 

Hot efficiency (based on use- 

ful heat in gas and tar) 

93.9 

86.5 
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TABLE VII 

Performance Data on Operation of Vehicular Producers i*® 


Producer, make 

Wisco 

Gohin-Poulenc 

Koela 

type 

Up-draft 

Cross-draft 

Up-draft 

Capacity, cubic meters per square 
meter per hour combustion area 


... 


1,540 

Fml 

Low-Temper- 

Anthra- 

Low-Temper- 

Lotv-Temper- 


ature Coke 

cite 

ature Coke 

ature Coke 

Sis^ 

10 to 25 mm 

5 to 15 mm 


5^ to in. 

Consumption, pounds per horse- 
power-hour 

2.23 

1 

1.04 

1.05 

Moisture, percent 

7.7 

2.7 

9.5 

4.5 

Ash, percent 

8.8 

6.3 


3.7 

Volatile matter, percent 

13.0 

6.2 


16.6 

Fixed carbon, percent 

70.5 

84.8 


75.2 

Heating value, calories per gram 

7.056 

7,500 


7,346 

Steam in blast 

no 



yes 

Steam : fuel ratio 




0.15 to 0.40 

Gas 

Composition, percent 

CO 2 

0.5 

0.7 

0.9 

1,8 

CO 

30.6 

29.3 

29.7 

28.6 

H 2 

5.3 

8.5 

5.6 

11.6 

CH 4 


0.7 


1.8 

O 2 

0.5 

0.0 

0.9 

0.4 

N 2 

63.1 

59.8 

62.9 

55.8 

Heating value: 

Calories per cubic meter 

1,108 

1,180 


1,250 

Btu per cubic foot 

116 

123 


131 

Temperature at producer outlet, °C 

150 to 160 

400 to 500 

400 to 500 

180 to 230 

Suction at producer outlet, milli¬ 
meters water 

150 to 250 
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WATER GAS 

Jerome J. Morgan * 

Profe86or of Chemical Engineering, Columbia University 


The term water gas has been used some¬ 
what indiscriminately to signify either the 
gas made by the reaction of steam on hot 
carbonaceous fuel or the mixture resulting 
from the enrichment of this gas with the 
hydrocarbon gases formed by the pyrolysis 
of oils. Further, 'Vater gas” is an unfor¬ 
tunate misnomer, for it is steam and not 
liquid water which is used in the reaction. 
Since the gas formed by the reaction of 
steam on hot carbon is a mixture of carbon 
monoxide, carbon dioxide, and hydrogen, it 
burns with a blue flame. It has, therefore, 
often been called blue water gas to distin¬ 
guish it from the enriched mixture to 
which reference has been made. The gas 
made by action of steam with hot carbon 
will be called simply blue gas in this chap¬ 
ter, and water gas will be reserved for the 
carburetted blue gas which is produced by 
the enrichment of blue gas with hydrocar¬ 
bon gases. 

History of Blue-Gas Process 

The discovery of blue gas has been at¬ 
tributed to Fontana, who in 1780 proposed 
to make it by passing steam over incande¬ 
scent carbon. Although this antedates by 

♦ Acknowledgment is gratefully made of the 
assistance of Dr. Roger W. Ryan in supplying 
literature references on the subject, in reading 
the manuscript, and in making helpful sugges¬ 
tions. 


a dozen years the invention of the coal-gas 
process by Murdock, the fact that the re¬ 
action is strongly endothermic and that 
the gas made has no illuminating power 
delayed for nearly a century its serious 
competition with coal gas as a source of 
city gas supply. 

The large quantity of heat absorbed in 
the blue-gas reactions makes it uneconom¬ 
ical to supply this heat by conduction to 
the reacting carbon. Hence the process is 
an intermittent one consisting of alternate 
^'blows,” or blasting periods during which 
thfe fuel in the generator is heated by 
blowing air through it, and “runs,” or gas- 
making periods during which blue gas is 
generated by passing steam through the 
incandescent fuel. 

In the early days, many attempts were 
made to enrich blue gas by light-oil vapors 
or by the gases resulting from the cracking 
of heavier oils or from the destructive dis¬ 
tillation of rosin, cannel coal, etc. It was 
not, however, until 1873 that Lowe discov¬ 
ered how to use the producer gas made 
during the blows to heat checkerbrick in 
which enriching oil-gas is made during the 
runs. This invention of the carburetted 
water-gas process by Lowe, and an abun¬ 
dant suppy of gas oil, a cheap byproduct 
in the distillation of petroleum, soon made 
the so-called water gas the most important 
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manufactured gas in the United States, and 
this gas still makes up nearly one-half of 
our manufactured gas. In addition blue 
gas itself has been used as a fuel in indus¬ 
trial plants, to mix with natural gas in 
supplying peak loads, and as a chemical 
raw material in hydrogenation and in syn¬ 
thetic processes. (See Chapter 39.) 

The Blue-Gas Plant 

A sectional elevation of a blue-gas plant 
is given in Fig. 1. Here it will be seen 
that the plant consists essentially of a 
generator, A; gas offtake or “hydrogen 
pipe,” B; stack, C; and wash box or “seal- 
separator,” D. From the wash box the 
blue gas is led away by the hot main con¬ 
nection, E, The generator is fitted with a 
blast connection, F, and with steam con¬ 
nections, G, so that air for blasting the fire 
may be introduced under the grate, and 
steam for the gas-making runs may be 
introduced either at the top or bottom of 
the fuel bed. The blast main is provided 
with explosion doors, H, made of thin ma¬ 
terial so that they will give way first and 
prevent damage to the rest of the appara¬ 
tus from the explosion which would occur 
if blue gas during the run should leak past 
the valve into the blast main. As a pre¬ 
caution against the formation of such an 
explosive mixture of air and hot gas, espe¬ 
cial care must be taken to see that the 
blast valves remain tight. These valves 
may be either the butterfly or gate-valve 
type and are generally hydraulically oper¬ 
ated. 

The blue-gas generator consists of a steel 
cylinder with a refractory lining. This 
cylinder may be from 3% to 15 feet in 
diameter and in the larger sizes has either 
a cone (Fig. 1) or dome (Fig. 2) top. It 
is fitted with a number of firebrick-lined, 
self-sealing doors. The coaling door, /, 
permits charging of fuel to the top of the 


fire; and the clinkering doors, J, give ac¬ 
cess to the fire and permit removal of 
ashes and clinker just above the level of 
the grate. There is also at least one large 
door near the bottom which allows the 
removal of such ashes as may fall through 
the grate. This construction with the bot¬ 
tom of the generator on the level of the 
clinkering floor has the disadvantage that 
during the cleaning of the fire the men are 
forced to work over piles of steaming 
clinker which has been pulled out around 
the base of the generator and cooled with 
water from a hose. To avoid these condi¬ 
tions generators are sometimes made with 
hopper bottoms as illustrated in Fig. 3; 
the generator is supported by ironwork 8 
or 10 feet above the ground floor, and an 
iron stage is provided for the workmen in 
clinkering. 

The generator lining has given more 
trouble than any other feature in the de¬ 
sign of the blue-gas apparatus. On ac¬ 
count of the high and fluctuating tempera¬ 
tures in the fuel bed and the wear of the 
heavy clinkering bars during the cleaning 
of the fire, the generator linings wear out 
rapidly and have to be replaced at fre¬ 
quent intervals. Generator linings are 
usually made of fireclay blocks or brick. 
On account of the fluctuation of tempera¬ 
ture in the fuel bed, silica material is not 
suitable for this purpose. A very high 
grade of fireclay must be used. This should 
be capable of withstanding a temperature 
of 3,000'* F and must not flux with the 
ash of the fuel. The wear on the fireclay 
lining under usual conditions of operation 
is especially heavy around the lower half 
of the fuel bed in the region up to a dis¬ 
tance of 3 or 4 feet above the grate. In 
this part the average life of the ordinary 
fireclay lining is about 1,000 hours of serv¬ 
ice, after which time it is necessary to shut 
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Fio. 1. Sectional elevation of U.G.I. blue-gaa apparatus. 


A » generator. 

J » clinkcring doors 

B «= gas offtake or hydrogen pipe. 

K = bottom gas offtake. 

0 stack. 

M = hot valves. 

D mm wash box or seal separator. 

E H= dust catcher. 

E mm hot main connection. 

0 ™ stack valve. 

F =» blast connection. 

P =» seal pot or drain tank. 

G — steam connection. 

Q — controls. 

IJ mm explosion door. 

R - instrument board. 

/ » coaling door. 
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Fig. 2. Sectional view of standard three-shell water-gas set. A blue-gas generator with dome top 
is shown at the left of the figure. 


down the generator and replace the lower 
part gf the inner lining. 

Generator linings vary in thickness ac¬ 
cording to the ideas of the builder and the 
size of the apparatus. In general they con¬ 
sist of an inner lining of firebrick which 
takes the wear and an outer lining which 
serves mainly as a heat insulator and sup¬ 
ports the crown, especially while the inner 
lining is being replaced. For this purpose 
it is common practice in laying up the 
lining to use one or more courses of full- 
depth ‘‘headers” or deep blocks about two- 
thirds of the distance up from the grate 
so that the inner lining below this point 
which is subject to the most wear may be 
replaced without disturbing the rest of the 
lining. Between the outer lining and the 
steel shell is an insulating space of 1 or 2 
inches. This allows for expansion of the 


lining on heating and is filled with asbes¬ 
tos, Silocel, Celite, or similar nonconduct¬ 
ing materials. Typical generator lining di¬ 
mensions are given in Table 1. The key 
brick and circle brick may be replaced by 
straight brick cut to fit, and for the inner 
lining large shapes or blocks are sometimes 
used. The blocks reduce the number of 
joints which aid the clinker in clinging to 
the lining and are easier to lay but cost 
somewhat more and are more subject to 
spalling and cracking. For this reason, 
bricks larger than 9 inches in any dimen¬ 
sion are to be regarded with suspicion 
whenever high temperatures or changes of 
temperature are concerned. If the original 
surface of the block or brick in the inner 
lining is destroyed in laying, clinker sticks 
badly and the block will be rapidly worn 
away. In laying out the dimensions, al- 
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TABLE I 



Blue-Gas-Generator Linings 


Diameter of Generator 

8 ft 6 in. 

10 ft 6 in. 

12 ft 

Outer lining 

4J^in. circle brick 

4^m. circle brick 

9-in. key brick 

Inner lining 

9-in. key brick 

9-in. key brick 

9-in. key brick 

Total thickness 

13^ in. 

13H in. 

18 in. 

Insulation 

IHin. 

l^in. 

2 in. 



Fig. 

boiler. 


Sectional elevation of U.G.I. blue-gas apparatus with igniter and horizontal waste-heat 


A «= generator. 

B = gas offtake or hydrogen pipe. 
(7j and Cg = stacks. 

and Dg = wash boxes. 

E <= hot main connection. 

F «** blast connection. 

Q steam connection. 

H = explosion door. 

/ » coaling door. 

J > clinkerlng doors. 

K — bottom gas offtake. 


M = hot valves. 

0i and Og = stack valves. 
P « seal pot. 

Q = controls. 

R = instrument board. 

8 * charging larry. 

T = blower. 

U = igniter. 

V » waste-heat boiler. 

W •= steam drum. 
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lowance is made for Me-inch joints which 
are filled with a thin mortar of ground 
firebrick and fireclay of the same compo¬ 
sition as that of which the blocks are made. 
Special refractory cements are also used 
for mortar and as a coating to render the 
surface of the lining smoother and less 
easily subject to attack from the clinker 
and wear from the clinkering tools. 

Other materials used for blue-gas-gener¬ 
ator linings include: a high-alumina clay 
containing up to 80 percent alumina and 
sold under the trade name Parco; high- 
grade Pennsylvania flint clay, which under 
the name of Plibrico is molded in place in 
the generator, giving a jointless lining; sili¬ 
con carbide, which is used either as solid 
blocks or in special patented forms of lin¬ 
ings; and water-jacketed steel, which is 
used to avoid adherence of clinker in gen¬ 
erators with mechanical grates. Some sili¬ 
con carbide blocks or circle’‘brick inner 
linings 4% inches thick have been used 
for 5,500 to 6,500 hours before replace¬ 
ment was necessary. Care must be laken 
to employ a grade of silicon carbide ma¬ 
terial which will resist oxidation. Silicon 
carbide is also suitable material for air¬ 
cooled generator linings. 

The Bernitz block is used in one form 
of air-cooled lining in which an annular 
chamber is formed between the inner and 
outer linings for a distance of 5 or 6 feet 
up from the grate. The chamber com¬ 
municates with the space under the grate 
and may also be connected near its top 
with a bustle pipe. It communicates with 
the interior of the generator by means of 
two holes in the face of each 9 inch by 4 
inch block in 9 or 10 rows of the lower 
blocks. Thus during the blasting period 
the lining is cooled by the air passing into 
this chamber, and the air is distributed to 
the sides of the fire through the holes in 


the face of the lining. This cooling of the 
lining prevents the adherence of clinker 
and greatly increases the life of the lining. 
When mechanical grates for automatic ash 
removal are used in blue-gas generators, 
just as in producer-gas apparatus, the lin¬ 
ing around the hot zone is of water-cooled 
steel. This causes the molten ash to solid¬ 
ify before it touches the surface of the lining 
and prevents it from sticking to the lining. 
The water jacket of the steel lining, which 
is well insulated, serves as a low-pressure 
steam boiler and also preheats the feed 
water of the waste-heat boiler which is 
employed to recover heat from the hot 
gases and blast products. 

The blue-gas generator is also provided 
with a bottom gas offtake, K, which con¬ 
nects with the top gas offtake, B. By 
means of a pair of connected firebrick-lined 
hot valves, M, the flow of hot blue gas 
is controlled so that it is taken from the 
top of the fire during the up-run and from 
the bottom of the fire during the down- 
run. By means of a lever linked to the 
hot valve stem, the flow of steam to the 
fire is reversed when the position of the 
hot valves is changed. To prevent ash 
and fine fuel, which is carried over by the 
air blast, from interfering with the proper 
seating of the hot valves, the valves are 
provided with an ash pocket having a self¬ 
sealing lid at the bottom. The dust 
catcher, N, also serves to collect siich 
material. 

The gas offtake leads either to the stack, 
C, or through a side connection to the 
wash box, D. It consists of a large steel 
pipe and is lined with firebrick. The dust 
catcher or dust pot is a downward projec¬ 
tion on the horizontal part of the offtake 
pipe just beyond the point where the gas 
takes an upward turn. In its place a 
cyclonic dust catcher described by O’Don- 
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nell ^ and Battin 2 may be used. The stack 
valve, 0, is lined with firebrick and is of 
the self-sealing type. It may operate on 
a pivot as shown in Fig. 1 or in the larger 
sets it may run on wheels on a track. It 
is open during the blow, permitting the 
products of combustion to pass up the 
stack. During the run when the stack 
valve is closed, the blue gas is forced to 
pass into the wash box, D. There it bub¬ 
bles through a water seal and then passes 
on through the hot main connection, E. 
Water circulated continuously into the 
wash box overflows into the seal pot or 
drain tank, P. 

In the smaller blue-gas sets the various 
valves may be hand operated, but, by 
means of extension levers and gears, the 
points of operation should be brought as 
near together as possible to avoid un¬ 
necessary loss of time by the gas maker in 
moving from one valve to another. In 
larger sets the valves are operated by elec¬ 
trical, hydraulic, or pneumatic power, the 
controls being brought together at a single 
control table, Q. By means of a suitable 
combination of cams, electrical contacts, 
roller link chains, or other devices, the 
operation of the controls may be made 
automatic.* In order that the gas maker 
may operate the set to the best advantage 
there is located near the controls an instru¬ 
ment board, R, on which are placed the 
indicating and recording mechanisms of 
the pyrometers, gages, and meters which 
show the temperatures, pressures, and 
quantities of materials in the various 
stages of the process. 

Mechanical grates, as has already been 

1 O’Donnell, C. J., Proc, Am. Gfos Aasnc., 
1929, 1334-6. 

2 Battin, W. I., Am. Gaa J., 180, 49-50 
(1929). 

« Stevick, C. H., Am. Gaa Aaaoc. Monthlp, 5, 
107-27 (1923). Brockhofl, H. C., Proc. Am. Ga« 
Aaaoc., 1980. 1684-6. 


•GAS PLANT 

indicated, are sometimes used to make ash 
removal automatic. They employ either a 
revolving cone grate* or an agitating and 
crushing beam revolving over a stationary 
grate.® Their operation will be discussed 
later under commercial processes. 

In the operation of the blue-gas set both 
the blast products and the blue gas leave 
the generator at high temperatures. Also 
for economical operation the fuel bed must 
be deep and at a high temperature, so that 
the blast products contain a large percent¬ 
age of carbon monoxide. Hence for effi¬ 
cient operation it is important that the 
blue-gas generator be connected to an 
igniter and a waste-heat boiler. Such an 
arrangement is shown in Fig. 3. 

The igniter, or combustion chamber, U, 
in Fig. 3, consists of a steel cylinder with 
firebrick lining and cherkerbrick. It is 
fitted with an air-blast connection so that 
during blow secondary air is furnished here 
to burn the carbon monoxide formed in 
blasting the generator fire and in this way 
enable the waste-heat boiler to recover the 
heat of combustion of the carbon monoxide 
as well as the sensible heat in the blast 
gases. The igniter also serves to collect 
dust and to mix the hot products of the 
combustion before they strike the tube 
sheet of the waste-heat boiler. In some 
blue-gas apparatus the igniter may take 
the form of the carburetter of a carbu- 
retted blue gas set.® 

Waste-heat boilers may be either horizon¬ 
tal as in Fig. 3 or vertical, and of either 
the fire-tube or the water-tube type. Since 
the temperature of the gases entering the 
waste-heat boiler of a blue- or carburetted- 
blue-gas set is usually from 1,000 to 

4 O’Donnell, C. J., Proc. Am. Gaa Aaaoc., 
1026, 1299-301. 

5 Ramsburg, C. J., Proc. Intern. Conf. Bitu- 
minoua Goal, 1020, 514-39. 

6 Morris, W. R., Proc. Tech. Beaaiona Am. 
Gaa Aaaoc., 1022, 21-52. 
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1,600® F, under which conditions the trans¬ 
fer of heat is mainly by convection, in 
order to absorb the heat efficiently it is 
necessary to design the boiler so a^ to 
increase the velocity and area of contact 
of these medium-temperature gases. Also 
since these gases are usually laden with 
dust and sometimes tarry material special 
provision must be made for access to the 
boiler in order to clean the tubes. 

OPERATION OP THE BLUE-GAS PROCESS 

Although more details of operation will 
be given later under the discussion of com¬ 
mercial processes it is desirable here to 
outline the procedure in the production of 
blue gas. Assuming that we start with a 
new set or with one that has been out of 
service for major repairs to the lining, it 
will not be necessary to give exact operat¬ 
ing directions for heating up the fuel bed 
because these are furnished by the builders 
of the apparatus and have been outlined 
elsewhere."^ During the preliminary inspec¬ 
tion to see that everything is in order, 
special consideration should be given to 
the necessity of properly ventilating all 
portions of a blue-gas apparatus before 
entering it. This is on account of the high 
percentage of carbon monoxide in blue gas 
and the poisonous nature of this gas. Dur¬ 
ing the drying-out period, which may take 
3 to 7 days, the fire is started on a 12-inch 
layer of clinker placed on the grate to 
protect it and is gradually built up until 
the depth of the fuel bed is 2 or ^ feet. If 
the set has been out of service but has not 
undergone repairs, the drying period is, 
of course, omitted and the fuel bod built 
up as rapidly as possible under natural 
draft to a depth of 2 or 3 feet. The gen¬ 
erator is then charged with coke or anthra¬ 
cite to a depth of 6 or 8 feet (about 1 foot 

7 Morgan, J. J., American Oae Practice, ,T. J. 
Morgan, Maplewood, N. J., 1931, pi>. 427-34. 


below the bottom of the gas offtake) and 
left under natural draft for several hours 
until the fuel is well ignited. 

Before making the first blow, the blast 
main is put under full working pressure, 
but the blast valves are left tightly closed. 
The generator doors are then shut tight 
and the ashpit purged a few seconds with 
steam to remove any producer gas that 
might remain under the grate and thus to 
avoid an explosion when the bliltet is turned 
on. Immediately after purging the ashpit 
with steam, the generator blast valve is 
opened slowly a few inches and left in 
this position until smoke and vapor from 
the stack valve show that the blast is 
passing ste.'idily through the apparatus. 
The blast valve is then opened further 
until the pressure under the grate is about 
20 inches of water. A small amount of 
steam may also be introduced under the 
grate to help protect the grate and door 
liners from being overheated. If the blue- 
gas generator is not part of a carburetted- 
blue-gas set or connected to an igniter and 
waste-heat boiler, then the blasting is con¬ 
tinued with the products escaping up the 
stack until the generator fuel is hot enough 
for gas-making. When, however, the gen¬ 
erator IS connected with either a carburet¬ 
ter or igniter, before starting to make gas 
the rest of the apparatus must also be 
heated. Blasting is therefore continued in 
this way until the carburetter or the igniter 
is ready to be lighted. 

When sparks and flames are seen through 
the sight cock of the carburetter or igniter, 
any steam to the ashpit is shut off and the 
valve admitting secondary air to the car¬ 
buretter or igniter is cautiously opened 2 or 
3 inches. If the gases do not ignite, steam 
may be admitted momentarily under the 
grate, but if this does not cause the gases 
to ignite the carburetter or igniter blast 
valve is immediately closed. The proced- 
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lire may be repeated after a short time 
until the gases begin to bum, but a serious 
explosion may occur if the secondary air is 
left on when the gases do not ignite. After 
the gases in the carburetter or igniter have 
lighted, the secondary air valve is opened 
until the flame in the apparatus is the 
brightest and most uniform, showing com¬ 
plete combustion with not too much excess 
air. 

If the apparatus is a blue-gas set, this is 
a point at which the operation of the 
waste-heat ‘ boiler may well be started. 
Aside from the precautions necessary in 
starting any boiler plant, the waste-heat 
boiler is started simply by opening the sec¬ 
ond stack valve (C 2 ) in Fig. 3 and closing 
the first (Cl). Blasting may now be con¬ 
tinued until the generator fire is hot enough 
for gas-making, which is usually when the 
top of the fuel bed as viewed through the 
generator sight cock becomes a dull red. 
During the heating of the apparatus the 
fire in the generator should be examined 
frequently through this sight cock. It 
sometimes happens that the top of the 
generator becomes too hot on accounl of 
secondary combustion with air that comes 
up through weak places in the fuel bed. If 
this occurs, to avoid overheating the gener¬ 
ator lining, more fuel should be charged 
before blasting further. 

Before charging fuel, any steam to the 
ashpit is shut off, the igniter blast and 
generator blast valves are closed in suc¬ 
cession, and the charging door is opened 
with the usual precaution of igniting the 
gases with a flame on a long handle to 
prevent a flash. During the first few coal¬ 
ings, it may be necessary to close the stack 
valve to prevent a back-draft when the 
coaling door is open. If the flame after 
the gases are ignited at the coaling door is 
drawn down into the generator, it is not 
necessary to close the stack valve. After 
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coaling, if this is necessary to prevent over¬ 
heating the top of the generator, the blast¬ 
ing Ls continued until the top of the fire is 
a dull red, when, the generator is ready for 
the first gas-making run. 

Before starting to make gas, care should 
be taken to see that the wash box has the 
proper seal, that the seal pot is full and 
overflowing, that all drips are clear, that 
the valves between the set and the relief 
holder, beginning with the one nearest the 
holder, are open, and especially that air 
has been purged from all apparatus into 
which the blue gas is to be sent. The 
exact procedure in purging air from gas 
apparatus varies with conditions. The 
gases most used for this purpose are prod¬ 
ucts of combustion, and, where a blue-gas 
set is available, they are most easily ob¬ 
tained in its blast gases. The simplest way 
to jiurge the apparatus, especially if an 
igniter with waste-heat boiler, or a carbu¬ 
retter, is attached, would be to close the 
stack valve and pass the blast products, 
after addition of secondary air to give 
complete combustion, through the wash 
box and succeeding apparatus and to vent 
the expelled air at a convenient point be¬ 
yond the relief holder. For maximum 
safety, this purging should be continued 
until the gas in tlie various pieces of ap¬ 
paratus shows by analysis an oxygen con¬ 
tent of less than 5 percent by volume.® 

The fuel in the generator having been 
brought to the proper temperature and 
everything else being in readiness, the pro¬ 
cedure to start making gas is as foUows. 
The igniter blast valve, the generator blast 
valve, and the stack valve are closed in 
rapid succession, and then the bottom 
steam, also called base steam, is turned on 
cautiously. On the instrument board the 

8 Alrich, H. W., Purging of Oas Holders, Am. 
Gas Assoc., New York, 1933, 19 pp. Tomkins, 
S. S., Proc. Am. Qas Assoc., 1034, 799-822. 
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pressures under the grate at the base of 
the generator and at the outlet of the wash 
box are noted. If the pressure at the 
outlet of the wash box increases, the run 
must be stopped by shutting off the steam 
and opening the stack valve. The cause 
of the back-pressure must then be located 
and removed. If there is no back-pres¬ 
sure, the run may be continued, but, be¬ 
fore proceeding to make gas regularly, it 
is necessary to determine the length of the 
cycle and the proportion of the run to 
blow. 

In fixing the cycle, especially, it is im¬ 
possible to give instructions which will be 
at all general in their application, for con¬ 
ditions vary to such a large extent. A 
consideration of the heat effects of the 
reactions in the blow and in the run will 
suggest the principles which govern the 
length of the cycle and the proportions of 
blow and run. Since the reactions of the 
run absorb heat in large quantities and 
since those of the blow evolve heat even 
more rapidly, it is readily seen that a cycle 
of long blows and longer runs would result 
in wide fluctuations in the temperature of 
fuel bed. Such fluctuations would increase 
clinker troubles, and the low temperatures 
at the end of the long runs would mark¬ 
edly increase the carbon dioxide content of 
the blue gas. Therefore, the tendency of 
modem practice is toward short cycles. 

On the other hand, the minimum length 
of cycle is flxed by the time and labor re¬ 
quired for opening and closing valves in 
making the changes from run to blow, and 
vice versa. In a hand-operated apparatus, 
the labor becomes excessive if the length of 
the cycle is less than 5 or 6 minutes. With 
an automatically operated set, it is pos¬ 
sible to shorten the cycle and thus increase 
the efficiency by maintaining a more even 
temperature in the generator and thus 
providing more nearly the ideal condition 


of continuous gas-making. The shorter 
cycles tend to decrease the steam and fuel 
required per 1,000 cubic feet of gas but 
reduce the capacity when shortened below 
a certain limit by reason of the high pro¬ 
portion of time lost in the valve changes. 

Since in the straight-blue-gas apparatus 
there is no need of maintaining definite 
temperatures in the other parts of the ap¬ 
paratus, the proportions of blow and run 
may be fixed with the view of obtaining 
the best conditions in the generator fire. 
Even when the apparatus is contiected with 
a waste-heat boiler, little if any attention 
is paid to the temperature of the checker- 
brick in the igniter, and the blasting is 
carried on with the object of heating the 
generator fuel bed with the formation of 
the least possible amount of carbon mon¬ 
oxide. A short blow with as high a rate 
of blasting as is possible without blowing 
the fuel out of the generator is best for 
heating the generator bed. 

In fixing the length of the run, it is to 
be noted that the conditions for most effi¬ 
cient decomposition of steam are a high 
temperature, a deep fuel bed, and a high 
rate of steaming. Since the object of the 
run is the production of blue gas by the 
decomposition of steam, it is important to 
know, if possible, what percentage of the 
steam is being decomposed. Considerable 
work has been done on the development 
of steam-decomposition meters in connec¬ 
tion with carburetted-blue-gas sets.® The 
application of these meters in blue-gas op¬ 
eration is important and should present no 
special difficulty. It should be remembered 
also that there is an intimate relation be¬ 
tween the amount of undecomposed steam 
and the proportion of carbon dioxide in 
the gas. Since carbon dioxide is the most 

9 Lockwood, A. B., Huff, W. J., Logan, L., 
Ellis, R. L., and Carter, W. B., Proc. Am. Qas 
Asboc., 1020, 1256-82. 
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objectionable as well as the most easily 
determinable component in blue gas, it 
furnishes both the reason for terminating 
the duration of the run and the means of 
telling when it is advisable to do so. Too 
high a rate of steaming as well as a low 
temperature from too long a run results 
in a.large amount of undecomposed steam 
and high carbon dioxide in the blue gas. 
Hence, the determination of carbon dioxide 
in the gas is a valuable aid in establishing 
operating conditions. 

In the actual determination of the cycle, 
it is necessary to use the ciit-and-try 
method. It may be assumed that the 
length of the cycle should be from 4 to 6 
minutes. It has been found that about 
25 percent of this time should be blow. 
One might start with a cycle consisting of 
a 1.0- to 1.5-minute blow and a 3- to 4.5- 
minute run. Both the length of the cycle 
and the i)roportions of blow and run will 
vary with the fuel, the (japacity desired 
from the set, and other conditions. Start¬ 
ing with the longer cycle, if the tempera¬ 
ture at the end of the run, as shown by a 
low percentage of carbon dioxide in the 
gas, is still high, the blows might be short¬ 
ened slightly or the rate of introducing 
steam might be increased. If the tem- 
I)crature at the end of the run is low as 
indicated by high carbon dioxide in the 
gas, either the length of the run or the 
steam rate should be decreased. If, on 
starting with the shorter cycle, it were 
found that the temperature at the end of 
the run is low, the remedy might be to 
increase the length of the blow or the rate 
of blasting. If the temperature were high, 
the run might be lengthened or the rate of 
steaming increased. The proper steam 
input to the generator to give the highest 
efficiency of operation with a given blast 
and a given fuel is found by balancing the 
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set and must be determined by experiment 
for each installation. 

The value of the determination of car¬ 
bon dioxide in fixing the conditions of the 
run has been discussed. The figures for 
oxygen and carbon monoxide in the blue 
gas will also be a good indication of the 
efficiency with which the gas-making oper¬ 
ation is being carried on. In addition, 
analyses of the gases during blasting are 
important in establishing conditions for 
maximum efficiency. By means of the Or- 
sat apparatus the percentages of carbon 
dioxide, oxygen, and carbon monoxide in 
either the blast gases or the blue gas can 
be found rapidly and with good accuracy. 
Analyses of the gases from the gas offtake 
of the generator and from the outlet of the 
igniter or of the waste-heat boiler at dif¬ 
ferent stages of the blow are of much aid 
in finding the proper proportions of gener¬ 
ator and secondary blast air. Conditions 
should be so r'‘gulated as to give as much 
carbon dioxide and as little carbon monox¬ 
ide as possible at the first point and as 
much carbon dioxide and as little oxygen 
as possible with the absence of more than 
a few tenths of a percent of carbon mon¬ 
oxide at the second place. 

The Regular Blow. The distinction be¬ 
tween up-run and down-run has already 
been mentioned and will be discussed more 
fully later. No matter what combination 
is used, the last portion of the run is 
always u])-run, so that in starting the blow 
the space under the grate is filled with 
steam and not with blue gas, which would 
cause an explosion when the air blast is 
turned on. To change from run to blow, 
therefore, the procedure is as follows: The 
steam is shut off exactly at the time fixed 
for the end of the run. The stack valve 
may then be opened and the generator 
blast turned on immediately thereafter. 
With this method of operation, the gas 
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which fills the top of the generator, the 
igniter, and the waste-heat boiler at the 
time the stack valve is opened is lost by 
being vented to the stack, where it burns. 
This gas may be saved by a blow purge, 
in which the generator blast is turned on 
immediately as the steam is shut off and 
the stack valve is not opened until 5 or 10 
seconds later, during which time the gas 
in the set is driven through the wash box 
by the blast gases. With this procedure, 
care must be taken not to delay the open¬ 
ing of the stack valve too long or the 
quality of the blue gas will be reduced 
by the blast gases which are blown through 
the wash box. The same method is suit¬ 
able whether the blue gas during the run 
is sent through the waste-heat boiler and 
the second wash box, or whether it is 
passed through the first wash box, and the 
boiler used only for the blast gases, or 
whether no boiler is used on the apparatus. 
The need for the blow purge is greater, 
however, when the blue gas also is being 
put through the boiler. 

If the apparatus is connected with a 
waste-heat boiler the secondary air blast is 
not turned on until a few seconds after the 
opening of both the generator blast valve 
and the stack valve. The amount of sec¬ 
ondary blast used will have to be deter¬ 
mined by experience, the analysis of the 
gases that leave the boiler serving as the 
guide. These gases should contain a mini¬ 
mum of oxygen with practically no carbon 
monoxide. Since the amount of carbon 
monoxide in the generator blast products 
is less at the beginning of the blow than 
at the end, the secondary air valve should 
be opened gradually as the blow progresses. 
If the blue gas is not sent through the 
boiler, provision may be made by means 
of a special quick-acting valve for shutting 
off the boiler. All blows are then begun 
and ended with the first stack valve (see 


Fig. 2) open, and the boiler is not fitted 
with a second wash box. Under these con¬ 
ditions one boiler is often connected to two 
sets which are blown alternately; to send 
the blast gases through the boiler, it is 
only necessary to open the valve connect¬ 
ing the boiler to the set (or the valve at 
the top of the boiler stack) and then to 
close the regular stack valve. 

The Regular Run. To change to a run 
at the end of a blow, the secondary blast 
valve is closed exactly at the time fixed 
for the end of the blow and followed 
quickly by the shutting off of the gener¬ 
ator blast. The base steam is then turned 
on and the stack valve closed. When the 
set ih fitted with a waste-heat boiler and 
the blue gas is sent through the boiler, 
blast products will be passed through the 
wash box unless the closing of the stack 
valve IS delayed a few seconds after the 
turning on of the base steam. It should 
then be noted from the up-steam meter 
gage whether the steam is flowing and 
from the pressure gages that no back-pres¬ 
sure is developing. Back-pressure is espe¬ 
cially important when live steam is used, 
for the blue-gas apparatus is usually not 
built strong enough to withstand the full 
pressure of the boiler. Hence the shell of 
the apparatus is likely to rupture if for 
any reason, for instance if a valve falls, 
the gas cannot escape when the steam is 
turned on. Warning of this condition is 
usually given by the hissing of steam 
escaping around the coaling door, but the 
practice of watching the gages and inspect¬ 
ing them as well as the valves frequently 
is much better insurance against this 
danger. 

The Down-Run and the Split-Run. 
During the up-run the steam which enters 
through the grate cools the lower part of 
the fuel bed both by the sensible heat 
necessary to raise the steam to the reaction 
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temperature and by the heat absorbed in 
.the reactions of steam with the fuel. Also 
during the blow the cold air of the entering 
blast in being preheated to the reacting 
temperature extracts heat from the lower 
part of the fuel bed. The fuel in the upper 
part of the bed is heated by the sensible 
heat extracted both from hot blue gas and 
from the hot products of the blow. Hence 
a continuation of alternate blows and up- 
runs not only tends to deaden the bottom 
of the fire but also may overheat the top 
of the generator if the fuel is no longer 
cool enough to extract sufficient heat from 
the blast and up-run gases. 

On the other hand, in the down-run, 
when the steam is introduced into the top 
of the generator and passed downward 
through the fire, heat is extracted from the 
fuel near the top and the ash and clinkers 
near the grate are heated by the hot blue 
gas. Operation with a succession of blows 
and down-runs would tend to give too low 
temperatures in the top of the generator 
and excessive temperatures at the bottom 
near the grate. Since the material near 
the grate is almost all ash, if it is heated 
to the fusing temperature it will nin to¬ 
gether and on cooling form a hard mass 
which interferes with the distribution of 
ihe air and steam, and it may stick to the 
grate. To avoid overheating the top of 
the generator on the one hand, and the 
formation of troublesome clinker on grate 
on the other hand, the split-run is common 
practice. In this the first part of the run 
IS an up-run followed by a period of down- 
run and ending with another short up-run 
so that the space under the grate will be 
filled with steam and not with blue gas 
at the beginning of the succeeding blow. 

Before describing the procedure in mak¬ 
ing a down-run, it may be well to trace 
clearly the path of the gases during the 
up-run. It has been stated that the blue- 


gas generator is fitted with connections so 
that steam may be introduced either under 
the grate or into the top of the generator 
above the fire. Also that there are both 
top and bottom gas offtakes and that, by 
means of a pair of connected hot valves, 
the blue gas can be caused to leave the 
generator by either the top or the bottom 
offtake. During the up-run, the hot valve 
in the bottom gas offtake is closed and 
that in the top offtake is open. Hence 
when steam is introduced under the grate 
the resulting blue gas leaves the top of the 
generator through the open hot valve in 
the top gas offtake and passes through the 
first wash box (see Fig. 3) or through the 
waste-heat boiler and the second wash box 
to the hot main and on to the relief holder. 

In order to make a down-run, it is only 
necessary after the blast valves and stack 
valve have been closed to reverse the hot 
valves so that the top one is closed and the 
bottom one open and then to turn on the 
top steam. Usually a steam reversing 
valve is connected to the hot valve stem 
so that the steam is automatically reversed 
by the reversal of the hot valves. During 
the regular down-run, steam enters at the 
top of the generator and passes dowr 
through the fire. The blue gas leaves the 
ashpit through the open hot valve in the 
bottom gas offtake and passes into the 
hot main through the wash box, or through 
the waste-heat boiler and second wash box 
as previously described. During the down- 
run the ashpit is full of blue gas, and there 
would be an explosion in the base of the 
generator if the blast were turned on with¬ 
out first purging the ashpit for a few sec¬ 
onds with bottom steam. It is, therefore, 
necessary when making a down-run to re¬ 
verse to an up-run for at least a few sec¬ 
onds before changing to the blow. Also 
it is readily seen that, if the stem of one 
of the hot valves should break so that both 
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remained closed when the steam was 
turned on, the pressure in the generator 
might build up to a point where there 
would be danger of a rupture of the gen¬ 
erator shell. 

Charging Fvel to the Generator. Fuel 
should be charged to the generator at regu¬ 
lar intervals in order to maintain a uni¬ 
form depth of fuel bed. With hand charg¬ 
ing, the fuel is introduced into the gener¬ 
ator at the beginning of a blow. After 
changing from run to blow, the blast is 
left on for a few seconds to purge the blue 
gas from the apparatus, the blast valves 
are then closed, and the coaling door opened 
cautiously an inch or two. If the gases 
in the generator do not ignite, they are 
lighted with a torch and then the coaling 
door is opened wide. 

The frequency of charging depends upon 
the charging facilities, the kind of fuel, and 
the length of cycles. In deciding upon 
the frequency of charging, it should be 
borne in mind that the more frequently 
the fuel is charged the more uniform will 
be the fire. On the other hand, too fre¬ 
quent charging causes excessive loss of 
time and reduces the capacity of the set. 
It is often held that not more than 4 to 6 
minutes per hour should be used in 
charging. 

The proper depth of the fuel bed will 
vary according to local conditions, fuel, 
blast pressure, etc. It is usually 6 to 9 
feet, but the top of the fire should not be 
kept high enough so that fuel is blown 
over by the blast. 

The methods of hand charging also vary. 
The usual methods are dumping by hand 
barrows in smaller sets, and chuting from 
suspended lorries in larger sets. Provision 
should always be made for weighing the 
fuel charged. 

The surface of the fuel should be kept 
level or at least no higher at the center 


than around the sides. For spreading the 
fuel in charging various devices are em-^ 
ployed, including scoops specially designed 
for the purpose, and a simple sheet-iron 
cone suspended in the coaling hole from a 
T-rod. The fuel should be delivered along 
the sides where the fine material remains 
while the lumps roll into the center. This 
arrangement opposes the tendency of the 
fire to become open along the walls and 
dense in the center. 

To avoid loss of time in charging and 
to aid in maintaining uniform conditions in 
the fire automatic chargers have been de¬ 
veloped, one of which is illustrated in 
Fig. 4. The charger in Fig. 4 consists 
generally of a cast-iron body with an 
upper sliding gate for admitting fuel to 
the charger and a lower bell gate for drop¬ 
ping the fuel into the generator. Both 
gates are operated by hydraulic cylinders 
which in turn are operated from the master 
valve and automatic control machine. The 
volume of fuel per charge may be adjusted 
by means of a movable cylinder within the 
charger body. Automatic chargers are of 
special value when bituminous coal is the 
fuel because they keep the evoluti{)n of 
coal gas from the green charge uniform 
and if the fuel is introduced during the 
down-nm part of cycle the tar vapors 
evolved may be decomposed by the i)as- 
sage through the generator fuel bed. They 
tend to make the condition of the fuel bed 
more uniform, and they may increase the 
capacity about 15 percent, of which 6 to 8 
percent is due to the time ordinarily lost 
in hand charging and the remainder to the 
more effective gas-making conditions of 
the fire.^^ 

10 Stowe, T. W., Proo. Am. Qaa Aaaoc., 1924, 
861-2, 192R, 1307-10. O’Donnell, C. J., ibid., 
1929, 1335-6. 

11 Sperr, F. W., .Tr., Chem. d Met. Eng., 31, 
853 (1924). 
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When charging is not automatic, special 
care should be taken to see that time is not 
wasted in coaling. As soon as charging is 
completed, the charging door seat is swept 
clean and the door closed. The generator 
blast valve is then cautiously opened and 
the blow continued. The first blow after 



Fig. 4. Sectional view of U G I. mechanical 
blue-gas generator with automatic charger. 


coaling is usually somewhat longer than 
the regular period. If for any reason the 
generator has been open for a time in 
charging, the ashpit should be purged a 
few seconds with steam before the gener¬ 
ator blast valve is opened. 

Clinker Foi motion. In discussing the 
formation of clinker in the blue-gas gener¬ 
ator, it must be noted that conditions are 
quite different from those in the gas pro¬ 
ducer where the temperature is fairly uni¬ 
form and where clinker formation can be 
largely prevented by use of steam. The 
blasting of the blue-gas generator is done 


without steam, and at the end of the blow 
the temperature is considerably higher than 
is common in good producer practice. It 
may reach 2,800 or 3,000“ F, which will 
cause some fusion in the ash of practically 
any coal or coke. The question in the 
blue-gas generator is not whether there 
will be clinker, but whether it will be 
formed so as to give excessive trouble in its 
removal. It is the nature and place of for¬ 
mation of the clinker that are important. 
In this connection the fusing point of the 
ash of the generator fuel also becomes im¬ 
portant. The analysis of the ash in the 
fuel is probably of little consequence ex¬ 
cept in its influence on the ash-fusing 
point. 

Warnick, who has made a study of 
causes of clinker formation, found that the 
analysis of ash for the best results should 
show about equal proportions of silica and 
alumina, a minimum amount of calcium 
oxide, and the lowest possible percentages 
of iron oxide, magnesia, and alkalies.^^ 
This analysis points to a rather high-fusing 
ash although the fusion point can be only 
roughly judged from the analysis (see 
Chapter 15). However, it is not the fuel 
having the highest ash-fusion point that 
always gives the best results. According 
to Warnick, '‘Experience has shown that 
clinker troubles are minimum when the 
fusing temperature of the ash is between 
2,300“ F and 2,500“ F.” This is a medium 
ash-fusing point. 

In explaining the influence of ash-fusing 
point on the place where the clinker will 
be formed, it must be remembered that 
clinker is not formed by the fusion of the 
ash but by the solidification of the fused 
ash. Also on account of the cooling effect 
of the steam of the runs and of the cold 
blast during the blows on the bottom of 

12 Warnick, J. H., Proc. Am. Qas Asaoc.^ 1924, 
816-9. 
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the fuel bed, the zone of maximum tem¬ 
perature is up some distance from the bot¬ 
tom of the fire. Keeping these points in 
mind it will be seen that, with an ash of 
high fusing point, the solidification of the 
fused material takes place just below the 
zone of maximum temperature. This 
causes deposition of clinker high up on 
the generator lining and inclusion of much 
carbon in the solidified mass. On the other 
hand, with fuel of low-fusing ash, the mass 
remains liquid down to the bottom of the 
fire and gives trouble by solidifying and 
sticking on the grate in a dense form. 
When the ash has an intermediate fusing 
point, it remains liquid part way down 
from the hottest zone. This allows the re¬ 
maining fuel to be burned out and the ash 
solidifies gradually as the fuel is consumed, 
forming a more porous and easily crushed 
clinker and sticking neither to the grate 
nor high up on the lining. 

This explanation seems to account for 
the fact which Warnick has noted that fuel 
with ash of medium fusing point gives less 
clinker trouble. He also called attention 
to the facts that short cycles which tend 
towards uniform temperatures in the fire 
decrease clinker troubles, and that there is 
a relationship between the fusing point of 
the ash and the amount of air that can be 
blasted through the fire during the blow. 
According to him, if the fusing point of 
the ash is as low as 2,200® F, not more than 
350 to 400 cubic feet of air should be used 
per square foot of grate per blow. If the 
fusing point of the ash approaches 2,600® F, 
500 to 550 cubic feet of air may be used 
per square foot per blow. 

A good understanding of the manner of 
clinker formation as given above is helpful 
not only in the choice of fuels according 
to the fusing point of the ash but also in 
showing the reasons for using one method 
of cleaning the fire when the fuel has a 


low-fusing ash and an entirely different 
method for fuels with ash of high fusing 
point. 

Cleaning the Fire. It has been noted 
above that in the operation of the blue-gas 
generator it is not a question of whether 
clinker will be formed but whether or not 
this clinker will be formed in such a man¬ 
ner as to give excessive trouble in its re¬ 
moval. Therefore, unless an automatic 
grate is used, it is necessary to clean the 
fire at intervals, and the frequency of the 
cleaning will depend upon many condi¬ 
tions. The fire should be cleaned when¬ 
ever there is a sufficient accumulation of 
clinker and ash to interfere seriously with 
the passage of the air and steam through 
the fuel bed. Pressure gages which show 
the difference in pressure below and above 
the fuel bed both during the blow and 
during the run are helpful in indicating the 
condition of the fire. 

There are two general methods of clean¬ 
ing the fire; the one to be chosen depends, 
as previously inferred, upon the fusing 
point of the ash of the fuel. Conversely, 
the choice of fuel may to some extent be 
made according to the fusing point of its 
ash and the method of cleaning the fire 
which it is desired to employ. The two 
methods are the deep fire or hold-up bar 
method, which is used with fuels of low 
fusing point, and the low fire or barring- 
down method employed with fuel whose 
ash has a high or medium fusing point. 
The choice of the method and the pro¬ 
cedure depends upon the location of the 
clinker formed, as has been explained. 

With generator fuel having a low fusing 
ash (say below 2,300® F), there will be 
little or no side-wall clinker even with a 
solid lining of fireclay. The reason is that 
the walls are hot enough so that the ash 
does not solidify and form clinker high up 
on the side walls. Instead it remains liq- 
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tiid until it runs down near the grate. 
Hence with a low-fusing ash the clinker 
collects in the bottom of the fire near the 
grate. The fire may then be cleaned when 
the generator is full of fuel, even right 
after coaling. 

To clean such a fire by the hold-up bar 
method, the apparatus is blasted long 
enough after a run to purge out the gas 
and then the blast is shut off as in coaling. 
The ashpit and clinkering doors are cau¬ 
tiously opened, care being taken to avoid 
chance of injury from a flash. Heavy 
clinkering bars (1.5 to 2.0 inch square 
iron) are then driven in, supported at the 
top of the clinkering doors by cross bars 
which rest on lugs on the door jam. These 
bars hold up the fire while the clinker be¬ 
low them is broken up with chisel bars and 
raked out. After the grate and ashpit have 
been cleaned, the hold-up bars are re¬ 
moved, the clinker doors are closed, and 
the apparatus is then ready for the blow 
to proceed. This method of cleaning has 
the advantage that after the cleaning the 
generator is still partly full of fuel. It has 
the disadvantage that the clinker which 
often collects in a large dense mass on the 
grate is difficult to break up and remove. 

With fuels wdiose ash has a medium or 
high fusing point (say above 2,300“ F), the 
solidifying point of the fused ash is above 
the temperature of the generator walls, 
and hence the fused ash which finds its way 
to the walls is solidified and clings to them 
fairly high up from the grate. There it 
cannot be removed by the hold-up bar 
method; the barring-down method must 
be used, and before cleaning it is necessary 
to allow the fire in the generator to burn 
down low. The clinkering and ash doors 
are then opened and all the clinker pos¬ 
sible IS broken up and raked out, leaving 
only a small amount of live fuel on the 
grate. The clinkering and ash doors are 


then closed and the coaling door opened. 
The side-wall clinker is now broken off with 
heavy chisel bars worked through the coal¬ 
ing door. It is often necessary to use a 
sledge on the chisel bar to cut away the 
wall clinker. Clinkering machines, usually 
consisting of an arrangement for raising a 
heavy bar which is then dropped on the 
clinker, have been devised for lightening 
the labor in this operation, but their use 
is not common. Generally the work is 
done by two strong men working together 
on each bar and being relieved every few 
minutes by two other men. A large share 
of the wear on the generator lining is 
caused by the clinkering tools in this 
method of cleaning the fire. 

The side-wall clinker thus removed is 
left on the grate until the next cleaning 
period. It, together with +he small amount 
of live fuel left on the grate and the heat 
of the generator walls, serves to kindle the 
fresh fuel which is charged into the gener¬ 
ator after cleaning is completed. This 
method of cleaning has the disadvantages 
of excessive wear on the generator lining, 
and loss of capacity caused by inefficient 
decomposition of steam in the shallow fire 
previous to the cleaning period and by the 
extra time consumed in the long blows 
which are necessary to bring the fire into 
good condition after the generator has been 
filled completely with cold fuel. The dis¬ 
advantages of manual cleaning of the fire 
may be overcome by mechanical grates, the 
use of which is increasing. 

Shutting down a Blue-Gas Apparatus. 
One of the great advantages of the blue- 
gas apparatus is its adaptability for stand¬ 
by service. It can be brought into oper¬ 
ation in a few hours, even when cold, and 
it can be shut down on a few minutes’ 
notice. When the apparatus is to be shut 
down, the last run should be an up-run. 
To close down the apparatus all steam and 
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blast valves are closed and the stack valve 
is left open. The blower and any unneces¬ 
sary pumps are shut down, the gas-outlet 
valve on the wash box is closed, and the 
wash-box water-supply valve is throttled 
down so that only a small stream is flow¬ 
ing. If the apparatus is not to be idle 
more than 16 to 18 hours, the fire may 
usually be kept without any air passing 
through it. Sometimes, on account of the 
small size or the nature of the fuel, it may 
be necessary to furnish some natural draft 
by opening the ashpit door and regulating 
the draft by the amount of the opening. 

General Operating Precautions. Special 
operating instructions furnished by the 
builders of Ihe Idue-gas apparatus give 
exact directions for the operation and care 
of the set. These instructions should be 
obtained and carefully studied before any 
attempt is made to operate a blue-gas set. 

In the general operation it should never 
be forgotten: 

1. That in the blue-gas apparatus one 
is handling enormous volumes of air under 
pressure and of hot combustible gas and 
that a disastrous explosion may result 
from any mixture of large quantities of 
the two. Modern apparatus is provided 
with an interlocking system so that it is 
nearly impossible to o])en a valve at the 
wrong time, but there are still plenty of 
sources of danger so that constant vigi¬ 
lance is necessary. Particularly hot valves, 
blast valves, and boiler valves should be 
inspected regularly and often to see that 
they are seating properly and arc tight and 
in good working condition. The danger 
from a broken hot valve stem has already 
been mentioned. The accumulation of a 
mixture of blue gas and air in the blast 
main or in the waste-heat boiler caused by 
a leaky valve can easily lead to a violent 
explosion. 


2. That blue gas contains a large per¬ 
centage of the deadly poison, carbon mon¬ 
oxide, which is all the more dangerous 
since it is odorless and invisible. No one 
should be allowed to enter any part of a 
blue-gas apparatus without the most care¬ 
ful precautions to insure that the appara¬ 
tus has been properly vented and is free 
from any remaining traces of gas. In this 
connection it is said that the only safe way 
1o vent a wash box is to flood it with 
water. 

3. That there is always danger of a 
flash when one of the doors of the appara¬ 
tus is oi)ened to the air. Hence, as has 
been directed in the previous discussion, 
the greatest care is necessary to see that 
no one is where he can be reached by any 
flash when a door is oi)ened. Also, since 
blue gas is 50 percent hydrogen which dif¬ 
fuses and forms an explosive mixture with 
air the most rapidly of any gas, it is espe¬ 
cially necessary to avoid touching otf such 
a mixture with an open light or spark 
when any i)art of the apparatus which con¬ 
tains blue gas is oi)en. 

4. That the rules of good housekeeping 
apply to good oi)eration. Everything in 
connection with the apjiaratus and acces¬ 
sories should be kept clean and in the best 
working order at all times. 

MECHANICAL GRATES 

The elimination of the dirty, arduous, 
and hazardous work involved in the nor¬ 
mal cleaning of the fire in the blue-gas 
generator was one of the dreams of gas 
engineers for a long time. Since 1925, how¬ 
ever, real progress has been made. Accord¬ 
ing to Wolfe,the first mechanical grate 
applied to a water-gas generator in the 
United States was in 1924; in 1925, a sec¬ 
ond installation of a different type of grate 

18 Wolfe, J. H., Am. Gas J., 133, No. 4, 45-8 
(1930). 
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was made, and during the next two years 
the operation of these grates was carefully 
studied. Real growth began in 1927 when 
there were 7 generators with mechanical 
grates in operation. In 1928, this number 
grew to 19, during 1929 it increased to 35, 
and by the end of 1930 there were 50 gen¬ 
erators with mechanical grates in operation 
or under construction. Since then the 
growth though less rapid has been sub¬ 
stantial. In 1937,^* there were 36 A.B.C. 
self-clinkering grates in service in indus¬ 
trial and utility plants, and in 1938^® a 
total of 48 U.G.I. mechanical generators 
had been installed. In addition there are 
smaller numbers of other types.^® * 

The first installation of the U.G.I. me¬ 
chanical generator was made in Philadel¬ 
phia in 1924.^ In its latest form, this 
apparatus as shown in Fig. 4 has a re¬ 
volving cone-shaped grate somewhat like 
that of a U.G.I. gas producer. Instead of 
the grate being water sealed as in the gas 
producer, the joint between the revolving 
grate and the stationary shell of the gener¬ 
ator is made gas tight by a special gasket 
system. The ash and crushed clinker are 
discharged continuously by the revolving 
grate into a gas-tight receiver from which 
they are emptied at intervals. The U.G.I. 
mechanical generator also resembles the 
gas producer in that it has no refractory 
lining except at the top of the fuel bed. 
Perhaps the most difficult problem in the 
development of the mechanical grate for 
blue-gas generators was that of avoiding, 
or removing, side-wall clinkers. In the 
U.G.I. mechanical generator, as in the gas 
producer, this is accomplished by means of 
a water-jacketed steel lining which forms 
an annular low-pressure boiler surrounding 

11 Merritt, M. H., Proc. Am. Gas Assoc., 1937, 
087. 

15 Schlegcl, C. A., ibid., 1088, C84. 

iGOlivcros. II. P., ibid., 1032, 028-41, 1030, 
832. 


the clinker zone. This cools the lower por¬ 
tion of the fuel bed near the walls so that 
the molten ash is solidified before it reaches 
the lining and therefore does not adhere. 
The heat which is taken from the fuel bed 
in this way is recovered in the form of 
low-pressure steam generated by the lining 
jacket and used in the generator for gas¬ 
making. In the later form of generator, 
the deck ash pan has been made renewable 
and the drive mechanism has been simpli¬ 
fied.^® The earliest installation of the 
A.B.C. automatic grate, made in Chicago 
in 1925,® consisted essentially of a station¬ 
ary horizontal grate over which revolved a 
hollow, water-cooled cast-steel beam. The 
revolving beam had its forward, or work¬ 
ing, face so shaped that it pushed upward 
part of the material at the bottom of the 
fueLbed and at the same time forced out¬ 
ward and crushed against the side walls 
any large masses of clinker which may 
have come down to the grate. The ash and 
crushed clinker fell through tapered slots in 
the grate. These tapered slots were larger 
on the underside and also at the end away 
from the moving face of the beam. The 
movement of the beam therefore aided the 
passage of the clinker and ash and also 
tended to clean the slots. The speed of 
rotation of the breaker beam was from 0.5 
to 3 revolutions per hour and was designed 
to produce a wavelike motion in the fuel 
bed starting at the grate in waves about 
15 inches high and extending upward about 
5 feet. The slow wavelike motion, it was 
thought, tends to keep the fire uniform 
and to prevent the formation of blow holes 
and of large lumps of clinker. The out¬ 
ward movement caused by the revolving 
breaker beams opens up the center of the 
fire and packs the material against the 
walls so as to give it more uniform pas¬ 
sage of air and steam through the fire. 
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In the original design of the A.B.C, 
grate a water-cooled crushing ring extended 
up about 18 inches from the top of the 
grate. In later designs this was replaced 
by the ordinary refractory lining which was 
brought down to the grate or by a water- 
jacketed steel lining which served as an 
annular steam boiler and was heavily in¬ 
sulated.^® In later designs, the water 
cooled S-shaped beam revolving over a sta¬ 
tionary grate has been retained,^® as well 
as the heavy steel cone for intrbduction of 
steam and air and the single hydraulically 
operated ash door and ash plows. The 
driving mechanism of the revolving beam 
consisted of two hydraulic cylinders which 
operated pusher rods that engaged the 
teeth on the ratchet ring carrying the 
breaker beam. Later a simplified motor- 
driven, direct bevel gear drive was used.^^ 

Other developments in mechanical grates 
for blue-gas generators include: a steam- 
jacketed self-clinkering automatic grate 
generator based on the Roller patents and 
announced by the Semet-Solvay Engineer¬ 
ing Corporation; the U.G.I. Model C 
mechanical grate for use on existing flat- 
bottom generators; the licensing for the 
United States by the Semet-Solvay En¬ 
gineering Corporation of the Power-Gas 
Corporation's mechanical generator with 
the Lymn-Rambush grate; and the an¬ 
nouncement by the Koppers Company, 
Western Gas Division, of the Hayes me¬ 
chanical grate for smaller generators using 
bituminous coal as fuel.^^ 

Advantages of mechanical grates which 
have been proved include: 

1. The labor of hand clinkering is en¬ 
tirely eliminated. U.G.I. mechanical gen- 

17 Young, H. B., Hid., 1080, lGOO-1. 

18 Brockhoff, H. C., Oaa Age-Record, 07, 948- 
52 (1931). 

19 Brockhoff, H. C., Proc. Am. Oaa Aaaoc., 
1931, 1202-4. 

20 Schlegel, C. A., Hid., 1033, 820, 1030, 844. 


erators with water-cooled walls have oper¬ 
ated for as long as 10 months without 
interruptions. Others have been re¬ 
ported 21 to operate continuously for 50 to 
199 days or continuously between checker¬ 
ing periods of the carburetter in a water- 
gas set. The removal of the ash from the 
hoppers requires the part-time service of 
1 man. The labor of the clinkering squad 
of 5 or 6 men is saved. 

2. A marked increase in capacity results 
partly from time gained since the set does 
not require shutting down for clinkering 
and partly from gain in efficiency caused 
by the more uniformly active fuel bed. 
The total gain may be as much as 20 per¬ 
cent. 

3. There is a decided decrease in the 
percentage of fuel removed with the ash 
in mechanical operation as compared with 
hand clinkering. This saving is partly re¬ 
duced by the heat carried away in the 
cooling water of the revolving beam or in 
the steam made in the annular boiler 
jacket. When the water-jacketed lining 
is used, the outside is heavily insulated so 
that part of the steam made results from 
heat that otherwise would be lost by radi¬ 
ation. Tests with the U.G.I. grate -- 
shelved that the combustible in the a>h 
from the mechanical grate was less than 
5 percent as compared with about 25 per¬ 
cent for a standard generator. Figure> 
given for the A.B.C. grate ® indicate that 
the carbon in the material from the auto¬ 
matic grate was 15 percent less than for 
hand operation. Savings of 1 to 1.7 pound 
of fuel per 1,000 cubic feet of gas have 
been reported.-® 

4. There is a saving in generator linings 
with mechanical grates. In the water- 
jacketed generator, lining repairs arc prac- 

21 Brockhoff, H. C., Hid., 1031. 1173-4. 

22 O’Donnell, C. J., Hid., 1028, 1370-1. 

28 Schlegel, C. A., Hid., 1031, 1172-3. 
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tically eliminated. With other types the 
wear on the lining caused by barring down 
side-wall clinker is greatly decreased or 
entirely eliminated. 

Against these advantages must be put 
the increased cost of installation and the 
maintenance of the mechanism. The in¬ 
creased installation cost is usually far out¬ 
weighed by the increased capacity which 
with the mechanical grate results in a de¬ 
crease of the total carrying charges per 
unit of capacity. Experience has shown 
that the maintenance on the mechanical 
grate is not excessive, and reports on some 
installations show that the maintenance 
costs on mechanical generators are defi¬ 
nitely lower than those incurred with hand 
oijeration.2* Maintenance costs on me¬ 
chanical generators have been given from 
().0(i to 0.21 cent per 1,000 cubic feet of 
gas, and a net saving of $7,000 ])er year 
has been reported.-^ Results securc^l with 
an installation of nine U.G.I. mechanical 
generators in an industrial jilant where the 
gas was measured and the fuel weighed 
showed: 

Make per day per set 5,760,000 cu ft 

Fuel used per 1,000 eu ft 25.35 lb 

Btu per cubic foot of ga.s 244 

Theory or the Water-Gas Process 

REACTIONS DURING THE BLOW 

The main object of the blow in the 
straight-blue-gas process is to store up in 
the fuel bod of the generator heat which 
may be used for the decomposition of 
steam during the gas-making period. In 
the carburetted-water-gas process, the 
blow also serves to make producer gas to 
heat the part of the apparatus which is 
used to make oil gas from the carburetting 
materials. Even in the straight blue gas 
apparatus it is necessary to operate with a 

24 Sclilegel, c. A., ibid., 1931 , 1198-1201. 


thick fuel bed so that the product leaving 
the top of the fuel bed is a lean producer 
gas fairly high in carbon monoxide. 

The reactions of the blow, therefore, are 
those of the gas producer when operated 
with dry air, which are given here to¬ 
gether with the amounts of heat evolved 
or absorbed in the reaction of pound-molar 
quantities (12.01 pounds of carbon and 
32.00 pounds of oxygen) at 1,832® F 
(1,000® C). The values for the heat in¬ 
volved in these reactions are based upon 
14,434 ± 10 Btu per pound of carbon in 
anthracite coke burned to carbon dioxide 
at 77®F;25 4,345.5=^1.8 Btu per pound 
of carbon monoxide burned to carbon diox¬ 
ide at 77® F; and the heat capacity of 
the gases as given by Eastman.^^ The 
equations which give the heat involved in 
Btu per pound mole at any temperature, 
r Fahrenheit, are: 

(1) 0 + 02 = CO 2 + 173,325 + 0.32t 

+ 0.0433U2 - 

(2) C + C()2 = 200 - 09,825 - 2.46< 

+ 0.02219i2 - 0.06227^* 

(3) 0 + 1^02 = 00 + 51,750 - l.07« 

+ O.O 2 IIH 2 - 0.06l2H» 

(4) 00 + 1^02 = OO 2 + 121,575 

+ i.386t ~ o.02io7«2 + o.o^me 

I+om these equations, it may be calculated 
that 

(lo) 0 + O 2 = OO 2 + 173,930 Btu 

at 1,832° F 

(2a) 0 + 002 = 200 - 08,400 Btu 

at 1,832° F 

(3a) 20 + O 2 = 200 + 105,530 Btu 

at 1,832° F 

25 Dewey, P. H., and Harper, D. R., J. Re¬ 
search Natl. Bur. Standards, 21, 467-74 (1938). 

26 Rossini, F. D., ibid., 6, 37-49 (1931). 

27 Kastman, B. D., U. 8. Bur. Mines, Tech. 
Paper 445 (1929), pp. 1-27. 
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(4a) 2C0 + O 2 - 2 CO 2 + 242,330 Btu 

at 1,832° F 

It is not to be inferred, however, that 
the reactions in the fuel bed take place at 
this particular temperature, but they do 
occur at high temperatures, and the quan¬ 
tities of heat involved in the reactions at 
the temperatures at which the reactions 
do take place are certainly much nearer to 
the amounts given for 1,832° F than they 
are to the amounts for the lower tempera¬ 
tures (60° F, or 0° C, or 25° C) which are 
often used as standards in thermodynami¬ 
cal discussions. Since in these reactions 
air and not pure oxygen is involved, the 
quantities of nitrogen accompanying the 
oxygen in the air may be included in the 
reactions which then serve as the basis 
for discussions of the volumes of gas in¬ 
volved. 

(16) C + O 2 H- 3 . 76 N 2 = CO 2 4- 3.76N2 
(26) C + CO 2 + 3 . 76 N 2 = 2 CO + 3 . 76 N 2 
(36) 2C + O 2 + 3 . 76 N 2 = 2CO + 3,76N2 

(46) 2CO + 3 . 76 N 2 + 02 + 3 . 76 N 2 

== 2CO2 + 7.52N2 

These reactions are also discussed in 
detail in the section on the gas producer 
(see page 1587). In the blue-g:is gener¬ 
ator during the blow, the oxygen of the air 
which enters through the grate is changed 
to carbon dioxide according to reactions 1 
at an extremely rapid rate. The reaction 
is completed so that all the oxygen is used 
up a few inches above the ash line. These 
5 or 6 inches at the bottom of the active 
fuel form the oxidation zone. Increasing 
the rate of air blasting does not materially 
increase the thickness of this oxidation zone 
but does increase in direct proportion the 
weight of fuel consumed per square foot 
of grate area. Consequently, increase in 
the rate of blowing raises the temperature 


of the oxidation zone and of the fuel above 
this zone. 

As soon as most of the oxygen in the 
blast is used up, the carbon dioxide formed 
begins to react with the hot carbon accord¬ 
ing to reaction 2. This reaction is much 
slower than reaction 1 so that it requires a 
time of contact of a few seconds to convert 
most of the carbon dioxide to carbon mon¬ 
oxide. The reduction zone in which car¬ 
bon dioxide is reduced to carbon monoxide 
may, therefore, be 2 or 3 feet in thickness. 
It extends from the top of the oxidation 
zone to the place where the temperature 
is low enough so that the rate of reaction 2 
becomes negligible. Since reaction 2 ab¬ 
sorbs heat, not only its rate but also the 
proportion of carbon dioxide changed to 
carbon monoxide at equilibrium is in¬ 
creased by a rise in temperature. 

Reaction 3 is the sum of reactions 1 and 
2 and expresses the overall conversion of 
carbon and oxygen to carbon monoxide. 

Reaction 4 takes place in the blue-gas 
generator only if oxygen reaches the top 
of the fuel bed on account of blow holes 
in the fuel or cracks in the refractory lin¬ 
ing, or is purposely introduced into the 
generator over Ihe fire. It is the reaction 
for the combustion of the carbon monoxide 
in the blast products by secondary air 
which is regularly introduced into the 
igniter of the blue-gas set or into the car¬ 
buretter of the water-gas apparatus. 

Above the reduction zone is a zone of 
preheating fuel, if the fuel is coke; if it 
Is bituminous coal, the preheating fuel zone 
will be merged with a distillation zone in 
which the volatile matter in the coal is 
expelled by heat brought to the coal by 
the hot blast products. It must not be 
assumed, however, tliat these zones are 
horizontal layers in the fuel bed of the 
generator. Torres has shown that in the 

28Terres, E., Gas World, f»0. 438-9 (1929). 
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gas producer there is an oval central core 
in which the best gas, highest in carbon 
monoxide and lowest in carbon dioxide, is 
produced. On account of the cooling effect 
of the walls and the increase in the rate of 
gjis flow around the periphery of the fuel 
bed, the gas decreases in carbon monoxide 
and increases in carbon dioxide as the dis¬ 
tance from the walls decreases. These 
zones are curved up around the walls, and 
the boundaries between them are not defi¬ 
nite, sharply defined surfaces. 

As has been indicated, the primary ob¬ 
ject of the blow in a blue-gas generator is 
to bring the fuel up to the proper tem- 
])erature for the decomposition of steam 
during the succeeding run. To be effi¬ 
cient this must be done with the combus¬ 
tion of the least possible amount of fuel. 
In addition to the loss of heat by radiation, 
which can be largely overcome by the 
projicr design of the generator, the main 
losses of heat are through sensible heat in 
the blast jiroducts and through incomplete 
combustion of carbon to carbon monoxide 
nccording to reaction 8. Since the amount 
of oxygen entering into reaction 3 is the 
same as that in reaction 1, it is evident 
that to olitain a given (piantity of heat in 
the find bed more air as well as more 
carbon will be reiiuired when the carbon 
goes to form carbon monoxide than when 
it goes to form carbon dioxide. Hence the 
loss of sensible heat is also greater when 
the blow gases contain a larger percentage 
of carbon monoxide. 

In order to heat the blue-gas-generator 
fuel more economically, it is desirable, 
therefore, to have a rather shallow fuel bed 
and to use a high blast pressure for both 
these conditions; reducing the time of 
contact thereby favors the formation of 
carbon dioxide rather than carbon mon¬ 
oxide in the blasting. The use of a high 
blast pressure up to about 40 inches of 


water pressure is advantageous and a 
characteristic of modern practice in blue- 
gas operation. Difficulties with high-pres¬ 
sure, high-speed blowing apparatus, and 
the amount of fine fuel carried along by 
the blow gases at high velocities, limit the 
blast pressure which it is practical to em¬ 
ploy. On the other hand a shallow fuel 
bed, which is desirable during the blow, 
does not give the conditions required for 
the decomposition of steam during the run 
so that a compromise is necessary and con¬ 
siderable carbon monoxide is always formed 
during the blow. By connecting the gen¬ 
erator with a combustion chamber and 
waste-heat boiler not only the potential 
heat of the carbon monoxide but also a 
large part of the sensible heat of the blast 
gases can he recovered. With these acces¬ 
sories it is customary to regulate the depth 
of the fuel bed, in the straight-blue-gas 
process as well as in the water-gas set, by 
the depth which is desirable for efficient 
decomposition of steam during the run. 

The length of the blasting period to¬ 
gether with the volume of air passing per 
unit time determines the temperature 
which will be obtained in the fuel bed. 
Higher l)last pressures give more carbon 
dioxide in the blast products and allow 
shorter blowing periods. This promotes 
fuel economy in the heating of the gener¬ 
ator itself. As will be shown in the con¬ 
sideration of the reactions during the run, 
the most desirable temperature for the fuel 
bed in the blue-gas generator is as high as 
clinkering conditions will permit. This is 
a condition more favorable for carbon 
monoxide formation and is a reason for the 
use of waste-heat boilers in connection with 
the blue-gas apparatus. 

REACTIONS DURING THE RUN 

In spite of considerable difference of 
opinion as to the exact sequence of the 
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reactions by which blue gas is formed from 
carbon and steam, writers on the subject 
are fairly well agreed that these reactions 
are represented by some combination of 
the following: 

(5) C -f H 2 O = CO + H 2 - 53,850 Btu 

at 1,832° F 

(6) C + 2 H 2 O = CO 2 + 2 H 2 - 39,350 Btu 

at 1,832° F 

(7) CO + H 2 O = CO 2 + H 2 + 14,500 Btu 

at 1,832° F 

(8) C + CO 2 = 2CO - 68,400 Btu 

at 1,832° F 

The values for the heat involved in these 
reactions are based upon the values for 
carbon and carbon monoxide and the heat 
capacities given previously and upon the 
net heating value of hydrogen to water 
vapor of 51,623 Btu per pound at 60° F.-® 
The value of 2.016 pounds of hydrogen per 
mole is used. The equations which give 
the heat involved in Btu per pound mole 
at any temperature, Fahrenheit, are: 

(5a) C -f H 2 O = CO + II 2 - 52,200 

- 3.148/ + O.O 2 IO 8/2 -h O.O 78/3 

(6fl) C -f 2 IT 2 O = CO 2 -h 2 H 2 - 34,575 

- 3.836/ - O.O 4343/2 -h 0.0e385/® 

(7a) CO -f H 2 O = CO 2 -f H 2 + 17,625 

- 0.688/-O.O 2 III /2 + 0.063/3 

(9) H 2+,402 =(1120),+ 103,950 

+ 2.078/ + O.O 4337/2 - 0.062/3 

To emphasize the facts that these re¬ 
actions take place only at high tempera¬ 
tures and that it is steam not liquid water 
which reacts, the quantities of heat in¬ 
volved in the reactions at 1,832° F 
(1,000° C) have been used in the equations. 
It is not to be inferred that these reactions 

29 Segeler, C. G., Fuel-Flue Gases, Am. Gas 
Arboc., New York, 1939, p. 51. 


take place only at the temperature of 
1,832° F, but the amounts of heat involved 
at the high temperatures at which the re¬ 
actions do take place are much nearer to 
those given for 1,832° F than they are to 
those which would be given if the reac¬ 
tions were written for the conventional 
temperature of 60° F or of 0° C. 

As to the sequence of the reactions in 
the formation of blue gas it will be seen 
that equations 5 and 6, if they are as¬ 
sumed to take place simultaneously, ac¬ 
count for the facts that the resulting blue 
gas is a mixture of carbon monoxide, car¬ 
bon dioxide, and hydrogen, and that a 
large amount of heat is absorbed in the 
process. It will also be seen that, in ac¬ 
cord with Le Chatelier’s law, reaction 5 
which absorbs more heat than 6 should be 
favored by higher temperatures, a predic¬ 
tion which is in agreement with the obser¬ 
vation that the i)ercentage of carbon mon¬ 
oxide obtained in practice is greater at 
higher temperatures. These explanations 
account satisfactoril>' in a qualitative way 
for the formation of blue gas. It is to be 
noted also that reaction 7, which is revers¬ 
ible, merely expresses an adjustment to¬ 
wards equilibrium of undecomposed steam 
and the products of reactions 5 and 6; 
further, that equation 8 represents the re¬ 
action of more carbon with carbon dioxide 
formed in reaction 6, and when 8 is super¬ 
imposed on 6 it gives the net result of 
reaction 5. 

The exact sequence by which combina¬ 
tions of part or all of these four reactions 
account for the formation of blue gas has 
been investigated by a number of workers 
but is still an unsettled question. Clement, 
Adams, and Haskins 3o concluded that, al¬ 
though both 5 and 6 occur, 5 is the domi¬ 
nant reaction and that the direction of 

so Clement, J. K., Adamn, L. 11., and HaskiiiR, 
C. N., U. 8. Bur. Mines, Bull. 7 (1911), 58 pp 
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reactions 7 and 8 is towards the right. 
Gwosdz studied the relative amounts of 
carbon monoxide and carbon dioxide ob¬ 
tained by action of steam on arc-light car¬ 
bon with 0.1 percent ash and on charcoal 
with 1.4 percent ash, and decided that even 
at temperatures as low as 600** C no carbon 
dioxide is formed by reaction 6 but that 
the carbon dioxide comes from reaction 5 
followed by 7. He found that much more 
carbon dioxide was formed with charcoal 
and thought that it comes from reaction 7 
being catalyzed by the ash of the charcoal. 
Taylor agreed with Gwosdz that 5 is 
The main reaction and that carbon dioxide 
comes mainly from reaction 7 accelerated 
by the catalytic action of the ash, particu¬ 
larly its iron oxides. Kohn''**'* made a 
mathematical study of the gas-volume rela¬ 
tions of the data of Bunte and Harris 
and decided that the sequence of the re¬ 
actions is 6 followed by the reverse of 7 
at lower temperatures and 6 followed by 
8 at the higher temperatures. He con¬ 
cluded that reaction 5 does not take jilace 
at all, differing from other writers. 

There are, therefore, individual backers 
for almost all the possibilities, and the 
conclusions of Haslam, Hitchcock, and 
Kiidow,*'*® based upon their study of the 
action of steam on two kinds of carbon at 
temperatures from 650° C (1,202° F) to 
1,200° C (2,192° F) and with a threefold 
change in steam pressure, help complete 
the list. They decided that 5, 6, and 8, all 
taking place monomolecularly at the sur- 

GwokUz, J., Z. angew. Chcm., 31, 137-40 
(1018). 

32 Taylor, II. S., Fuel Production and Utilisa¬ 
tion, I). Van Nostrand Co., New York, 1920, pp. 
1 *9-55. 

33 Kuhn, S., Ind. Eng. Chem., 14, 69-72 
(1922). 

34 Bunte, H., J. Gasheleucht., 37, 81-6 (1894). 

33 Hnslam, R. T., Hitchcock, P. L., and Rudow, 

E. W., Ind. Eng. Chem., 15, 115-21 (1923). 


face of the carbon, are the essential re¬ 
actions. Since these investigators found 
that changing the steam pressure from 360 
millimeters of mercury absolute to 1,120 
millimeters had practically no effect upon 
the relative proportions of carbon mon¬ 
oxide and carbon dioxide, they concluded 
that reaction 7, in which the equilibrium 
would be disturbed by an increase in the 
concentration of st/cam, takes place in the 
gas space only to a nearly negligible ex¬ 
tent. These investigators also attempted 
to determine the relative rates of the re¬ 
actions and claimed that at temperatures 
below about 900° C (1,652° F) reaction 5, 
which forms carbon monoxide directly, is 
practically nonexistent and that at these 
lower temperatures reaction 8, which forms 
carbon monoxide indirectly, has a rate 
twice as great as reaction 6, which forms 
carbon dioxide directly. It was thought 
that, at temperatures above about 900° C 
(1,650° F), reactions 5 and 6 proceed at 
equal rates and that reaction 8 has a rate 
2.18 times as fast. 

The work of Haslam and associates 
using a 10-inch bed of 5- to 8-millimeter 
(%- to %-inch) fuel also indicated that the 
ratio of carbon monoxide to carbon dioxide 
is closely related to the percentage of steam 
undecomposed. The curve in Fig. 5 based 
upon their results at temperatures of 
1,652° F (900° C), 1,832° F (1,200° C), 
2,012° F (1,000° C), and 2,192° F 
(1,200° C) shows that the ratio of carbon 
monoxide to carbon dioxide is substan¬ 
tially constant at 1.5 to 1 as long as the 
undecomposed steam is above 60 percent. 
As the undecomposed steam decreases be¬ 
low 60 percent the ratio carbon monoxide/ 
carbon dioxide increases rapidly to 2.0 at 
50, 3.5 at 40, 6.0 at 30, 11.0 at 20, and 
20.0 at 14 percent, respectively, of un¬ 
decomposed steam. 
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Pexton and Cobb®® used a fuel bed 1 
inch in diameter by 3 inches deep and 
particles of fuel from 0.1- to 0.2-inch size. 
They used three fuels: byproduct metal¬ 
lurgical coke, and coke made at 2,318® F 


by the volume of free space in the fuel 
bed independently of whether that steam 
supply is diluted with nitrogen or not”; 
and that “differently prepared cokes from 
the same coal do not react at the same 
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Fig 5. Ratio of carbon monoxide to carbon dioxide as a function of the percent undecomposcd 
steam in the water-gas process. (i''rom data of llaslam, Hitchcock, and Rudow and Pexton and 
Cobb.**) Courtesy McGraw-Hiil Book Compan>. 


(1,270® C) and 1,652® F (900® C). By di¬ 
lution with nitrogen, they varied the par¬ 
tial pressure of the steam and the time 
of contact. They reached the general con¬ 
clusions that “the effectiveness of steam 
decomposition in a fuel bed of fixed di¬ 
mensions and given temperature is deter¬ 
mined by the rate of steam supply divided 

86 Pexton, S., and Cobb, .T, W., C?a« J., 107, 
161-0 (1924) ; <7a« World, 80, 675-8 (1924). 


ratio with steam, or accelerate to the same 
extent gas reactions proceeding at their 
surface.” They believed that, whereas, in 
laboratory experiments, with a fair time 
of contact equilibrium may be reached, in 
practical operation the larger voids allow 
more steam to pass through without enter¬ 
ing the gas film on the surface of the 
carbon where equilibrium is established in 
a very short time. The final product in 
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practice is really gas high in carbon mon¬ 
oxide mixed with excess steam, and the 
securing of good-quality water gas is de¬ 
pendent upon the fact that equilibrium in 
the gas phase is not reached. The data of 
Pexton and Cobb for byproduct coke at 
1,832® F (1,000® C) are plotted as points 
in Fig. 6. The best curve drawn through 
these points would show ratios of carbon 
nionoxide/carbon dioxide of 1.7 at 50, 2.3 
at 40, 3.6 at 30, 6.5 at 20, 12.0 at 12, and 
22.0 at 8 percent of undecomposed steam, 
thus differing from the individual ratios 
obtained by Haslam, Hitchcock, and Ru- 
dow but showing a similar general relation 
between the percentage of undecomposed 
steam and the ratio of carbon monoxide 
fo carbon dioxide in water gas. 

Pexton and Cobb believed that the re¬ 
action of steam with carbon was of zero 
order and in this were in agreement with 
the indications of Thiele and Haslam®^ in 
results for three of their four types of 
carbon. Thiele and Haslam found that for 
activated carbon, for natural graphite and 
arc-electrode carbon at all temperatures in¬ 
vestigated, and for retort carbon above 
1,850“ F (1,010® C) the reaction rate was 
independent of changes in steam pressure 
which indicated a zero-order reaction. 
They believed that the reactions might be: 

(10) C (bare) + 2 H 2 O = 2 II 2 + CA 

(11) CA = C (bare) + CO 2 

(12) C (bare) + H 2 O = H 2 + CO 

Reaction 11 was assumed to be slower than 
reaction 10, so that the rate of direct car¬ 
bon dioxide formation was controlled by 
reaction 11. In many cases reaction 12 
was supposed to be less important than 
reaction 10 because most of the surface is 
covered by the complex C^-Oy. If reaction 

37 Thiele, E. W., and Haslam, R. T., Ind. Eng. 
Ghem., 19 , 882-7 (1927). 


12 is negligible, then 11 predominates, and 
the reaction is of the zero order with re¬ 
spect to steam. 

Brender ll Brandis and Le Nobel*® in¬ 
vestigated the action of steam on charcoal, 
British and German coals, and retort car¬ 
bon. They found the beginning of steam 
decomposition to be 1,067“ F (575“ C), 
1,292® F (700® C), 1,517“ F (825“ C), and 

I, 580® F (860® C) for the four fuels, re¬ 
spectively. In all cases the first gas ob¬ 
tained was composed of one-third carbon 
dioxide and two-thirds hydrogen, which 
led them to conclude that the reactions for 
the formation of blue gas are 6 followed 
by 8. 

More recent work has attempted not 
only to determine the primary products of 
the reaction of steam with carbon but also 
to explain the mechanism by which the 
oxygen of the water vapor combines with 
the carbon of the hot fuel. In order to 
understand the discussion of this work it 
is necessary to review briefly some ideas 
which have been developed regarding the 
changes which take place in the formation 
of coke from coal and the structural ar¬ 
rangements of the atoms of carbon and 
other elements in the resulting coke. It 
has been well substantiated by X-ray 
studies that in graphite the carbon atoms 
are arranged in regular hexagons which lie 
in planes. These planes are relatively far 
apart so that there exists a layered lattice 
structure.®® Hydrogen and other foreign 
atoms attach themselves to the interlayer 
valences of the graphitic carbon. These 
other atoms may also be attached to the 
carbons at the edges of the graphite layers. 

38 Brender a Brandis, Q. A., and Le Nobel, 

J. W., Het Gaa, 47, 37-47 (1927) ; Gas- u. Wos- 
8€rfach, 70, 792-3 (1927). 

30 Blayden, H. E., and Riley, H. L., J, fifoe. 
Chem. Ind., 54, 159-63T (1935). 
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From his study of coke formation Riley 
concluded: 

In the early stages of the pyrolysis of an 
organic substance the process of aromatic 
condensation begins, involving the formation 
of progressively larger polycyclic structures. 
The large flat molecules so produced arrange 
themselves in a multitude of minute, layered 
structures, not unlike small graphite crystal¬ 
lites, and there is evidence that in the case 
of cokes prepared at relatively low tempera¬ 
tures they still have hydrocarbon radicals 
bonded to the border carbon atoms of their 
hexagon planes. Foreign atoms such as 
hydrogen, oxygen, nitrogen, and sulfur play 
definite roles in these structures for they are 
only eliminateid when the coke is heated to 
extremely high temperatures. 

Sihvonen*^ and others have hypothe¬ 
sized that oxygen may be attached *to the 
edge of a hexagon plane in two different 
ways. First the oxygen may be attached 
by two valence bonds to one of the edge 
carbon atoms in the ketone structure 
)>C=0. Second, the oxygen may be at¬ 
tached to a carbon atom which itself is 
bonded to only one edge carbon atom. 
This gives the ketene structure /C=C=:0 
and might occur if the oxygen came into 
contact with a carbon atom which was the 
remanent of a hexagon that had been dis¬ 
rupted by a reaction involving part of its 
six carbon atoms, or more probably by a 
carbon monoxide molecule attaching itself 
to a carbon of an edge hexagon. The ke¬ 
tene structure should be the weaker of the 
two, with a tendency for carbon monoxide 
to break off. 

In his first experiments on the water-gas 
reaction, Sihvonen^- used a rapid flow of 
highly rarefied cold water vapor with an 

40 Riley, H. L., Qaa Y/orld, 109, Coking Sect., 
81-4 (1938). 

41 Sihvonen, V., Fuel, 19, 35-8 (1940). 

42 Sihvonen, V., Ann. Acad. 8ci. Fcnnicae, 
A38, No. 2, 3-34 (1933). 


electrically heated, pure, superficially po¬ 
rous graphite filament. The sole oxida¬ 
tion product at 1,450® C (2,640® F) was 
carbon monoxide, the yield of which in¬ 
creased rapidly above that temperature. 
The small rate of formation of carbon 
monoxide below 1,450® C is probably ac¬ 
counted for by the irreversible decomposi¬ 
tion of the a-diketo groups on the corner 
carbon atoms of the graphite edges."*® The 
rapid increase in carbon monoxide forma¬ 
tion above 1,450® C was associated with a 
heat of activation of about 90 kilocalories. 
Thus the desorption of the single keto 
groups both in water vapor and in carbon 
dioxide is a reaction of the zero order, 
with an activation energy of nearly 95 
kilocalories as long as the edge parts of 
the graphite surface remain saturated with 
keto groups.*® Meyer*® confirmed the ex¬ 
perimental basis of the keto-group theory. 

Sihvonen also studied the formation of 
blue gas in the reaction of a rapid flow of 
water vapor at 0.0001 millimeter mercury 
pressure, preheated by passing through a 
heated platinum band, and then led over a 
hot graphite filament. The flow of the 
water vapor was so rapid that measurable 
amounts of secondary carbon dioxide from 
reaction of carbon monoxide with oxygen 
formed by the dissociation of water vajior 
at the heated platinum band could not be 
formed. When the preheater temperature 
was 1,100® C (2,010® F) and the graphite 
filament only 900° C (1,650° F), small 
amounts of nearly pure carbon dioxide 
were formed. With the platinum band 

43 Sihvonen, V., Svensk Kem. Tid., 48, 185- 
202 (1930). 

44 Sihvonen, V„ Z. Elektrochem., 40, 456-60 
(1934) ; Suomen Kemiatilehti, 8B, 21-4, 29-30 
(1935). 

45 Sihvonen, V., Am. Acad. 8ci. Fennicae, A41, 
No. 3 (1935), 80 pp. 

46 Meyer, L., Trana. Faraday 8oc., 34, 1056-61 

(1938). 
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cold, no measurable oxidation products 
were formed at this temperature. When 
the preheater temperature was 1,100“ C 
and the filament was 1,000** C (1,830** F), 
traces of carbon monoxide were formed, in 
addition to carbon dioxide. 

This formation of carbon dioxide as a 
primary product of the reaction of hot 
water vapor on heated graphite was at¬ 
tributed to the oxidation of ketene groups. 
Other experiments had led to the conclu¬ 
sion that, on the surface of graphite, satu¬ 
rated keto grpups cannot be oxidized by 
water molecules, even preheated ones, but 
that unsaturated ketene groups on the 
glowing graphite surface are readily oxi¬ 
dized to carbon dioxide by preheated water 
vapor though generally not by cold water 
vapor.^^ Ketene groups appear as the ab¬ 
sorption product of carbon monoxide mole¬ 
cules on the edge atoms of the graphite 
lattice. Since the intermediate stage dur¬ 
ing the keto-group desorption consists in 
the formation and desorption of ketene 
groups, the formation of primary carbon 
dioxide with preheated water vapor must 
occur through the temporary primary ke¬ 
tene groups on the glowing graphite sur¬ 
face. Thus, if there is a primary formation 
of carbon dioxide in highly rarefied pre¬ 
heated water vapor, it would be expected 
that the formation of primary carbon di¬ 
oxide would occur also at normal water 
vapor pressures. 

Sihvonen has further attempted to de¬ 
termine whether carbon dioxide is likewise 
a primary product of the reaction of car¬ 
bon with steam at atmospheric pressure. 
In this work he passed steam through a 
quartz tube of 0.43-inch (l.l-centirneter) 
diameter, which was heated by a preheater 

*7 Sihvonen, V., Brennaloff-Chem., 17, 281-5 
(1986) ; Am. Acad. 8ci. Fennicac, A51, No. 4 
(1938), 40 pp. 


6 inches (15 centimeters) long and a reac¬ 
tion furnace 9.5 inches (24 centimeters) 
long. The carbon (0.3 to 1.0 gram of su¬ 
gar charcoal, 1.0 gram of graphite, or 0.02 
to 0.05 gram of diamond) was introduced 
into the reaction zone of the tube in a 
porcelain boat. Temperatures of 1,292® F 
(700® C) and 1,472® F (800“ C) with the 
sugar charcoal, 1,562“ F (850® C) to 
2,012“ F (1,100“ C) with the graphite, and 
1,922® F (1,050“ C) to 2,192® F (1,200® C) 
with the diamond were used. The result¬ 
ing blue gas was collected over a saturated 
common salt solution and analyzed for 
oxygen, carbon monoxide, carbon dioxide, 
and hydrogen. 

The results obtained by Sihvonen led 
him to the conclusions that the water-gas 
process 

(1) generally produces carbon monoxide as 
a primary product; (2) may also produce 
carbon dioxide as a primary product by the 
action of activated wat('r molecules and es¬ 
pecially at moderate temperatures and at 
higher pressures; and (3) is accelerated by 
catalyzcTs [sodium carbonate which he mixed 
with the charcoal or graphite in some tests! 
which cause corrosion and in this way in- 
creasi' the active edge iiarts of the graphitic 
carbon. 

After a careful study of Sihvonen’s re¬ 
sults, it seems that in this work the reac¬ 
tion of the large excess of steam with the 
primary products of the action of steam 
on the hot carbon has neither been elimi¬ 
nated in the experimental procedure nor 
given sufficient consideration in the inter¬ 
pretation of the results. It seems probable 
that with the small concentration of water 
molecules present in the experiments at low 
pressures Sihvonen did remove the excess 
steam and primary reaction products from 
the neighborhood of the heated filament 
rapidly enough to avoid the secondary 
reaction. However, it is believed that in 
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the procedure followed with steam at nor¬ 
mal pressure the reaction CO -f H 2 O = 
CO 2 + H 2 in the presence of the high 
concentration of excess steam makes it un¬ 
certain whether the carbon dioxide found is 
a primary product or not. This opinion is 
given support by the results of Mayers,^® 
who noted in his study of the reaction rate 
of steam and graphite that at higher tem¬ 
peratures (1,830 to 2,100® F or 1,000 to 
1,150® C) the ratio of carbon monoxide to 
carbon dioxide was nearly constant at a 
given temperature regardless of steam ve¬ 
locities; but that at the lower temperatures 
(1,560 to 1,830® F or 850 to 1,000“ C) 
the ratio of carbon monoxide to carbon 
dioxide increased markedly with the in¬ 
crease in steam velocities. These observa¬ 
tions appear to indicate that at the higher 
temperatures the ratio of carbon monoxide 
to carbon dioxide in the presence of the 
relatively high concentration of steam was 
controlled by the equilibrium in the reac¬ 
tion C0 + H 20 ;=±C 02 + H 2 and that at 
these higher temperatures this reaction is 
sufficiently rapid for it to approach equi¬ 
librium in the gas phase before the prod¬ 
ucts are carried out of the heated portion 
of the reaction tube. On the other hand, 
at the lower temperatures the steam and 
primary products were removed from the 
hot zone before equilibrium was ap¬ 
proached, and the higher the steam veloc¬ 
ity the farther short of equilibrium was 
the mixture when the reaction was stopped 
by the cooling of the gases. To determine 
the primary products of the reaction of 
steam at normal pressures on hot carbon 
it will probably be necessary to devise an 
experimental procedure in which the com¬ 
position of the products is determined at 
the surface so that the reaction between 

4 S Mayers, M. A., J. Am. Chem. Soc., 60, 
1879-81 (1984). 


the primary products and the excess steam 
will be eliminated. 

CATALYSIS IN REACTIONS OF STEAM WITH 
CARBON 

Reference has been made to the belief of 
earlier workers that reaction 7 is cata¬ 
lyzed by the ash of the fuel. The effects 
of various added inorganic constituents on 
the gasification of coke by steam were seri¬ 
ously investigated by Marson and Cobb,^® 
who used cokes made by adding 5 percent 
of different substances to a coal which 
without addition gave a ‘^pure coke’^ with 
only 1.3 percent ash. Of the materials 
added, silica, alumina, and fireclay were 
practically without effect on the gasifica¬ 
tion with steam. On the other hand, cokes 
made with addition of calcium oxide or 
carbonate, iron oxide, and sodium carbon¬ 
ate exhibited a greatly increased activity 
in the decomposition of steam and in the 
percentage of carbon monoxide in the gas. 
When cokes made by carbonization at 
1,470® F (800® C) were gasified with -.team 
at 1,830° F (1,000® C) the percrniages of 
steam decomposed with different steam 
rates were as follows: 


Steam 

Rate Percent of Steam Decomposed by 


liters per 

“Pure^' 

CaO 

Fe 203 

Na 2 C 03 

hour 

Coke 

Coke 

Coke 

Coke 

5 

68 

84 

94 

99 

10 

61 

82 

91 

99 

15 

56 

81 

90 

98 

20 

51 

78 

87 

98 


It is evident that sodium carbonate had 
the greatest catalytic effect. The action of 
this addition agent on the gasification of 
carbon with air and with carbon dioxide as 
well as with steam and mixtures of steam 
with oxygen has been studied extensively 

40 Marson, C. B., and Cobb, J. W., Gas J., 
175, 882-91 (1926). 
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by White and coworkers.®® The catalytic 
influence of sodium carbonate in the gasi¬ 
fication of carbon with air or carbon diox¬ 
ide has been discussed in the section on 
producer gas (see pages 1603-6). The ac¬ 
tion of sodium carbonate in mixtures of 
steam and oxygen will be considered later. 
The work of Fox and White seems to in¬ 
dicate that the mechanism of the action 
probably involves the formation of sodium 
vapor according to the reaction 

NaaCOs + 2C = 3CO + 2Na 

and the subsequent regeneration of the so¬ 
dium carbonate by reaction of the sodium 
vapor with steam and carbon dioxide. 
White and Fleer have also indicated that 
sodium carbonate catalyzes the reaction of 
carbon monoxide with steam so that when 
it is present the gas has a composition 
closely approaching that required for equi¬ 
librium in reaction 7. 

Work on catalysis of reaction 7, which 
is important in the use of blue gas as a 
source of industrial hydrogen, as reported 
by White and Shultz may be summa¬ 
rized as follows: Catalysts made by the 
fusion of cobalt oxide would, when prop¬ 
erly reduced in hydrogen, effectively cata¬ 
lyze the water-gas reaction to equilibrium 
at temperatures as low as 283'’ C and space 
velocities as high as 1,800. The addition 
of various promoters seemed capable of 
largely repressing the simultaneous forma¬ 
tion of methane. Iron in quantities as high 
as 3 percent appeared to inhibit the forma¬ 
tion of methane without cutting down ap¬ 
preciably the activity toward the water- 
gas reaction, (''opper as a promoter gave 
promising results. A cobalt catalyst con- 

50 Fox, 1). A., and White, A. H., Jnd. Eng. 
Chrm., 23, 259-66 (1931). WpIbb, C. B., and 
Whitp, A. H., ibid., 26, 83-7 (1934). Fleer, A. 
W., and White, A. H., ibid., 28. 1301-9 (1936). 

51 White, B. C., and Shultz, J. P., ibid., 26, 
95-7 (1934). 


taining 38 percent copper was particularly 
active as a water-gas catalyst without syn¬ 
thesizing significant quantities of methane, 

KINETICS OF REACTION OF STEAM ON 
CARBON 

The rate of reaction of steam on carbon 
has been investigated by Mayers,*® who 
measured the rate of oxidation of graphite 
by steam at atmospheric pressure at tem¬ 
peratures between 1,560 and 2,120® F (850 
and 1,160® C) under conditions which elim¬ 
inated the effect of diffusion as the rate¬ 
determining process. The criterion of the 
attainment of these conditions was that the 
steam-velocity coefficient of the observed 
rate of reaction should vanish.®^ The ex¬ 
posed surface of the graphite was treated 
to eliminate porosity as an uncertain factor 
in the determination of the area of the 
surface. Results showed that, in the high- 
temperature range of 1,830 to 2,120® F 
(1,000 to 1,160“ C), the rate of gasification, 
(7j, of carbon in micromoles per square 
centimeter per second was given by 

logCb - 6.20 - (35,130/4.575r) 

In the low-temperature range of 1,560 to 
1,830® F (850 to 1,000® C), the gasification 
rate, Gn, was given by 

log (72 = 8.42 - (49,720/4.575T) 

Where T = absolute temperature in de¬ 
grees Centigrade. 

The reaction rates in pounds of carbon 
gasified per square foot per minute can'be 
obtained by multiplying the values ob¬ 
tained for Gi and G 2 in the formulas by 
0.00147. In attempting to apply these 
values, however, it must not be overlooked 
that, in generator fuels, it is coke which 
reacts with the steam and that porosity 
greatly increases the surface of the coke. 

52 Mayers, M. A., J. Am. Chem. Boo., 66, 
70-6 (1934). 
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Attempts have been made, as we have 
previously indicated, to determine the rela¬ 
tive rates of reactions 

(5) C -f H 2 O = CO -h Ha 
and 

(6) C -f 2 H 2 O = CO 2 + 2 H 2 

However, since it is probable that the equi¬ 
librium in the surface gas film of the re¬ 
action 

(7) CO + H 2 O = CO 2 + Ha 

is what really determines the proportions 
of the gasified carbon which appear as car¬ 
bon monoxide and carbon dioxide, it seems 
useless to consider the reaction rates of 5 
and 6 independently. 

EQUILIBRIUM IN BLUE-GAS REACTIONS 

The composition of blue gas when equi¬ 
librium is attained at any temperature 
probably is controlled by equilibrium in 
the reaction 7 

CO -f H 2 O = CO 2 + H 2 

This equilibrium is reached extremely rap¬ 
idly at high temperatures and may be ap¬ 
proached closely in the gas spaces of the 
hotter parts of the fuel bed or in the gas 
film on the reacting surfaces of the carbon. 
In the gasification of fuel with steam, the 
reaction is largely on the surfaces of the 
carbon in the pores of the coke, and the 
gases held in these pores furnish an excel¬ 
lent opportunity for attainment of equi¬ 
librium of the steam with the primary 
products of the reaction. Equilibrium in 
reaction 7 alone will, therefore, be consid¬ 
ered here. 

Austin and Day have discussed criti¬ 
cally the values of the equilibrium con¬ 
stants in the various combustion equations. 

r»3 Austin, J. B., and Day, M. J., Ind. Eng. 
Chem., 31, 23-31 (1941). 


The values chosen by them for reaction 7 
are given in Table II. Since the values of 

TABLE II 

Equilibrium Constants for Water-Gab 
Reaction “ 


Temperature 

(COs)(H,) 

1 

°C 

op 

(C0)(H20) 

K 

400 

752 

14.1 

0.071 

450 

842 

7.04 

0.142 

500 

932 

4.88 

0.205 

550 

1,022 

3.41 

0.294 

600 

1,112 

2.54 

0.394 

650 

1,202 

1.95 

0.513 

700 

1,292 

1.54 

0.650 

750 

1,382 

1.26 

0.795 

800 

1,472 

1.05 

0.952 

850 

1,562 

0.892 

1.12 

900 

1,652 

0.764 

1.31 

950 

1,742 

0.672 

1.49 

1,000 

1,832 

0.592 

1.69 

1,050 

1,922 

0.527 

1.90 

1,100 

2,012 

0.474 

2.11 

1,150 

2,102 

0.435 

2.30 

1,200 

2,192 

0.399 

2.51 

1,250 

2,282 

0.369 

2.71 

1,300 

2,372 

0.341 

2.94 


the reciprocal of K plot more conveniently 
than the values of K, these are also in¬ 
cluded in the table. The values given for 
K were calculated from spectroscopic data 
by Kassel The curve for 1/K may be 
carried to higher temperatures by means 
of the following: 



°F 

1/K 

1,371 

2,500 

3.24 

1,482 

2,700 

3.70 

1,593 

2,900 

4,18 


These values are for the equilibrium con¬ 
stant of the reverse reaction calculated by 
means of the relation 

logioK = -AF74.579T 

KaBsel, L., J. Am. Chem. 8oc., 50, 1838-42 
(1934). 
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where T is temperature in degrees K, from 
the values of the free energy change, 
for the reaction 

CO 2 + H 2 = CO + H 2 O 
by the equation 

AF® = 10,100 - 1.81Tln T -f 0.00445^2 

- 0.00000068T3 - 0.54T 

In this equation of Lewis and Randall,®® 
the integration constant, -0.54^, was ob¬ 
tained by consideration of the data of 
Hahn®® and of Haber and Richardt®^ on 
the equilibrium constant of the water-gas 
reaction. The agreement of values for 1/K 
calculated from the Lewis and Randall free- 
energy equation with those from KasseFs 
later and precise work, from which the for¬ 
mer values deviate only slightly at tem¬ 
peratures below 2,000° F, gives assurance 
in the use of the Lewis and Randall equa¬ 
tion for the free-energy relations of the 
reaction. 

REACTIONS IN GENERATOR FUEL BED 

Unfortunately data to permit the deter¬ 
mination of the sequence and relative im¬ 
portance of the various reactions in a blue- 
gas generator fire have never been col¬ 
lected. Work which helps to bridge the 
gap between the laboratory study of the 
reactions involved in the blue-gas process 
and their application on a large scale was 
reported by the American Gas Association 
Carbonization Committee in 192(5.®® In 
this work, cokes produced by carbonization 
of coal from the same mine in four differ¬ 
ent types of carbonizing apparatus were 

65 Lewis, G. N., and Randall, M., Thermody¬ 
namics and Free Energy 0 / Chemical SubstanceSj 
McGraw-Hill Book Co., New York, 1923, 053 pp, 

56 Hahn, O., Z. physik. Chem., 44, 513-47 
(1903), 48, 735-8 (1904). 

57 Haber, F., and Richardt, F., Z. anorg. all- 
gem. Chem., 88, 6-64 (1904). 

58 Ilaslam, R. T., Ward, J. T., and Boyd, J. 
H., Jr., Proc. Am. Gas Assoc., 1920, 1083-104. 


tested for their relative utility as fuel for 
the manufacture of blue gas. These tests 
were made in a special apparatus with fuel 
bed 1.5 feet in diameter and 4.0 feet deep. 
Fresh charges of sized coke between 0.75 
and 1.5 inches were used in each test. The 
cokes were compared, first, as to their abil¬ 
ity to retain heat during the air blow at 
varying rates, and second as to their abil¬ 
ity to decompose steam during the run. 
At low air rates, no significant differences 
in the heat retained in the fuel bed were 
observed. As the air rate was increased, 
the percentage of heat retained by the fuel 
bed decreased, this change being greatest 
for the denser cokes. The cokes did not 
show any marked variation in their reac¬ 
tivity to carbon dioxide. In their ability 
to decompose steam there was no indica¬ 
tion of a significant difference which could 
be correlated with any physical property 
of the cokes. 

Since little difference was found in the 
behavior of the various cokes, the results 
obtained for the byproduct oven coke 
made from a Pittsburgh Seam coal may 
be taken as typical. Some of these which 
might be useful in indicating trends in the 
reactions of the blue-gas generator are 
given in Table III. 

It is evident that increasing the air rate 
by 1.9 fold nearly doubles both the rate of 
fuel consumption and the sensible heat in 
the blast gases. At the same time, it had 
little effect on the carbon monoxide in the 
blast gases after 1.5 minutes of blowing 
but decreased somewhat the percentage of 
heat stored in the fuel bed. Though these 
results seem to disagree with the previous 
statement that a high blasting rate would 
bring up the fuel-bed temperature with the 
use of less fuel, it must be remembered 
that no data are given here of the tem¬ 
perature in the fuel bed which would indi¬ 
cate the time for the termination of the 
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TABLE III 

Data on Air Blows with 0.75- to 1.5-Inch Byproduct Cokb in a 4-Foot Fuel Bed 
AT Initial Temperature of 1,740° F “ 


Time in 
Minutes 


Gas Analysis 
CO 2 O 2 CO 


Heat Distribution, 
Percent in Fuel Losses 

Bed CO Sensible 


Pounds Carbon 
per Square Foot 
per Minute 


Air rate = 122 cubic feet per minute per square foot; pressure « 2.2 inches water 


0.42 

16.6 

1.2 

5.0 

75.2 

16.2 

8.6 

0.89 

0.99 

13.8 

0.2 

11.6 

60.0 

32.1 

7.9 

1.03 

1.59 

10.2 

0.4 

17.6 

48.0 

44.5 

7.5 

1.17 

2.19 

8.4 

0.4 

21.4 

42.3 

50.5 

7.2 

1.30 

3.42 

6.0 

0.4 

24.8 

36.2 

56.5 

7.3 

1.36 

Air rate 

* 233 cubic feet per minute per square foot; pressure = 11.2 inches water. 

0.39 

20.2 

0.6 

0.4 

80.3 

1.4 

18.3 

1.64 

0.88 

18.6 

0.4 

3.6 

70.8 

11.3 

17.9 

1.68 

1.68 

12.0 

0.0 

17.3 

44.6 

41.4 

14.0 

2.41 

2.35 

8.8 

0.0 

21.0 

35.8 

49.4 

14.8 

2.42 

3.35 

5.4 

0.2 

26.2 

27.5 

58.0 

14.5 

2.65 


})low. The temperature of the blast gases 
at the top of the fuel bed after 3.4 minutes 
of blowing with 122 cubic feet of air per 
minute per square foot was only 605® F as 
compared with a temperature of 955° F 
after 0.9-minute blasting with 233 cubic 
feet per minute per square foot. With the 
shorter time and higher blasting rate there 
was only 3.6 percent of carbon monoxide 
in the blast gases, and 70.3 percent of the 
heat was stored in the fuel bed, as com¬ 
pared with 24.8 percent of carbon monox¬ 
ide and only 36.2 percent of heat in the 
fuel bed with the longer time and lower 
blasting rate. 

It is evident from Table TV that with 
this depth of fuel bed and the conditions 
of blasting specified it would not be prac¬ 
tical to continue the steam run longer than 
about 1.5 minutes with the higher steam 
rate, or longer than about 2.5 minutes with 
the lower steam rate. If the accuracy of 
the gas analysis is assumeil to be within 
±0.2 percent for the carbon dioxide and 


oxygen and ±1.0 percent for the carbon 
monoxide and hydrogen there appears to 
be evidence from a hydrogen balance that 
at the lower steam rate some methane 

TABLE IV 

Data on Steam Decomposition with 0.75- to 
1..5-1n(’H Byproduct Coke in 4.0-Foot Fuel 
Bed after Blasting 5 Minutes with Air at 
218 Cubic Feet per Minute per Square 
Foot “ 


Time 


Gas Compoaition 


Percent 

Steam 

Oecom* 

Minutes 

CO 2 

O 2 

CO 

Hz 

CH 4 

posed 

Steam rate 

= 2.06 pounds per square foot per nunute. 

0.43 

2.4 

0.6 

43.6 

46.7 

0.0 


1.18 

3.5 

0.4 

43.8 

49.4 


57 

1.91 

5.6 

0.4 

41.2 

50.6 


48 

2 68 

8.2 

0.5 

38.4 

50.9 


36 

3.72 

11.0 

0.6 

32.7 

62.7 


31 

4.85 

13.6 

1.2 

27.9 

54.6 


20 

Steam rate 

=> 4.29 pounds per square foot per minute. 

0.50 

3.2 

2.8 

38.7 

51.0 

1.8 

68 

1.30 

5.5 

2.4 

37.8 

49.5 

1.9 

62 

2 84 

11.8 

1.0 

29.2 

53.9 

0.6 

28 

3.83 

14.4 

0.1 

26.7 

62.7 

1.5 

18 

4. .55 

14.7 

0.5 

26.8 

55.0 

1.2 

15 






STEAM DECOMPOSITION IN PRACTICE 


1707 


should have been found in the gas after 
2.68 minutes’ run, and that, at the higher 
steam rate, considerable hydrogen in the 
gases at 0.50 and 1.30 minutes came from 
steam, the oxygen of which either appeared 
in the free oxygen reported or was retained 
by tlie coke in a solid carbon-oxygen 
complex. 

Steam Decomposition in Practice 

A good economical blue gas with coke 
fuel has the following percentage composi¬ 
tion and calorific values: 

Cih CO H 2 CH4 N? Btu/cuft 

6.0 38.5 50.5 1.0 3 5 0.5 300 

Theoretically 25 pounds of steam must be 
decomposed to make i,000 cubic feet of 
this gas; in practice, the figure is 45 to 50 
I)oimds or more The use of 100 percent 
or more of steam in excess of the amount 
theoretically needed not only results in 
losses from the heat carried away and the 
additional raw material required, but also, 
as has been indicated, decreases the ratio 
of carbon monoxide to carbon dioxide in 
the gas and may sometimes point to bad 
fuel-bed conditions. On the other hand, 
according to Huff,®° “a large quantity of 
excess steam is ordinarily used and deemed 
necessary in order to secure satisfactory 
clinker conditions and capacity. It may 
be questioned, however, whether all the ex¬ 
cess steam is necessary or desirable.” 

Although some idea of the amount of 
undecomposed steam, as well as of fuel-bed 
conditions, can be obtained from the per¬ 
centage of carbon dioxide in the blue gas, 
it would be better to have a reliable 
method of determining the percentage of 
undecomposed steam directly. At least 

59 Pacific Gas Assoc., Go« Engineers’ Hand- 
hook, McGraw-Hill Book Co., New York, 1934, 
p. 283. 

60 Huff, W. J., Proc. Am. Oaa Aasoo., 19SS9, 
1257-9. 


three methods of doing this have been de¬ 
veloped and applied with some degree of 
success. The Benesh steam-decomposition 
meter utilizes the principle of the wet- 
and dry-bulb thermometers to measure the 
amount of undecomposed steam in the gas. 
In the Koppers steam-decomposition me¬ 
ter the decrease in the pressure on the 
gn- caused by the condensation of the wa¬ 
ter vapor in it serves as an indication of 
the undecomposed steam. A steam-decom¬ 
position meter which utilizes rotameters to 
measure the volume flow rate of the gas 
before and after condensation of the unde¬ 
composed steam has also been designed®® 
and its i)erformance at the Belle, W. Va., 
works of the du Pont Company has been 
described. 

The Benesh steam-decomposition meter 
has been discussed by Carter,®^ who pre¬ 
sented charts to bring out the following 
points: 

1. If the steam rate was kept constant 
during each run, decreasing the rate from 
220 pounds per minute (220/71 = 3.1 
pounds i)er square foot per minute) dur¬ 
ing one series of runs to 192 pounds per 
minute during another series of runs in¬ 
creased the average steam decomposition 
from 57 to 65 percent. 

2. If the steam rate was decreased dur¬ 
ing the same run, starting with 192 and de¬ 
creasing to 168 and then to 160 pounds per 
minute, as the run progressed the average 
steam decomposition became 70 percent. 

3. When the up-run (about 45 percent 
of the total run) wfis placed first in the 

61 Benesh, M. E., Proc. Am. Oaa Aaaoc., Tech. 
Scaaiona, 1U21, 9-38. 

62 McGurl, G. V., Nordineyer, G. J., Black¬ 
wood, O. II., Exline, P. G., and Doherty, J. D., 
Proc. Am. Oaa Aaaoc., 1981, 1174-97. 

63 Putnam, W. J., and Moses, D. V., Am. Oaa 
Aaaoc. Monthly, 23, 112-6 (1941). 

64 Carter, W. B., Proc. Am. Qaa Aaaoc., 1929, 
1275-82. 
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cycle the percentage of steam decomposed 
decreased rapidly from above 90 at the be¬ 
ginning to about 60 at the end of the up- 
run. 

4. When the back-run (54 percent of 
the total run) followed the up-run the av¬ 
erage figure obtained for steam decompo¬ 
sition during the back-run ranged from 
about 35 to 45 percent, depending upon 
the steam rate. Even when the back-run 
was placed ahead of the main up-run and 
preceded only by a 3-second steam purge, 
the average figure obtained for the steam 
decomposition during the back-run was 
only 52 to 53 percent. 

5. The percentage of undecomposed 
steam in the back-run gas was greatest at 
the beginning of the back-run even when 
the back-run was placed ahead of the up- 
run. This was thought to be because the 
gas as it left the bottom of the fuel bed 
picked up moisture which had condensed 


in the ash pan or which resulted from leaks 
in the water-cooled crusher section of the 
automatic grate. It seems probable, there¬ 
fore, that the figures obtained for the 
steam decomposition during the back-run 
were lower than those which represented 
the true percentage of steam decomposed 
in the fuel bed during this portion of the 
cycle. 

The chart reproduced in Fig. 6®® shows 
steam-decomposition curves coastructed 
from data obtained with the Koppers 
steam-decomposition meter. These curves 
also show the decrease in percentage of 
steam decomposed as the run progresses. 
The dips in the curve at the point of 
change from up-run to down-run, and vice 
versa, were probably caused by the steam 
below or above the fuel bed when the 
change was made. The curves in the chart 

85 See p. 1184 of ref. 62. 



Fio. 6. Stenm decompoRition in the carburetted-blue-gae generator as measured by the Koppers 
steam-decomposition meter.** 
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bring out increased steam decomposition in 
a thicker fuel bed. 

formation of methane in blue gas 

Analyses of blue gas, even of that made 
from coke, show small amounts, usually 
about 1 percent, of methane, which is 
probably formed by the reaction 

(13) CO + 3H2 = CH 4 + H 2 O 

Possibly at the higher temperatures some 
methane is formed by: 

(14) CO 2 + 4 H 2 = CH 4 + 2 H 2 O 

Both these reactions are exothermic, and, 
since 14 evolves less heat than 13, it would 
he favored over 13 by increased tempera¬ 
ture. Meade stated that the methane in 
blue giis probably comes mostly from dis¬ 
tillation of tacky coke, but it seems doubt¬ 
ful that this could account for the meth¬ 
ane found in blue gas made from screened 
byproduct coke. The methane found in 
the analysis of the blue gas from coke in 
the experimental work cited on page 1706 
cannot be accounted for by the 0.4 percent 
of hydrogen shown by analysis of the coke. 
Reaction 13, which is catalyzed by nickel 
at 576° F (300° C), has been proposed as 
a method of lowering the carbon monoxide 
content of city gas and at the same time 
increasing its heating value. Since this re¬ 
action is exothermic, the total amount of 
heat available in the gas containing meth¬ 
ane made by this process would be less 
than that in the blue gas from which it 
was made. 

Raw Materials for Blue Gas 

In addition to the air for blasting the 
fuel bed and the steam decomposed in the 
gas-making runs, the material used in the 
manufacture of blue gas is a solid fuel high 

66 Meade, A., Modem Oaa Works Practice, 
Benn Bros., London, 1021, p. 608* 


in carbon. In the earlier days, the solid 
fuel was either anthracite or coke. Later 
difficulties in obtaining coke under war 
conditions led to attempts to substitute bi¬ 
tuminous coal, and as the operating trou¬ 
bles with this fuel were overcome it be¬ 
came largely a question of which fuel was 
most economical. 

It has been shown in previous discus¬ 
sions that when steam is used in the manu¬ 
facture of producer gas the resulting gas is 
really a mixture of producer gas and blue 
gas made by a continuous process. Con¬ 
siderable work has been done on the prob¬ 
lems of substituting oxygen or a rich mix¬ 
ture of oxygen with nitrogen for the air 
used in the producer. In this process it is 
proposed to pass a mixture of steam and 
oxygen through a generator and thus pro¬ 
duce continuously a ga^ which is a mixture 
of blue gas and carbon monoxide. 

anthracite 

Anthracite generally used in the manu¬ 
facture of blue gas is broken, or egg, size. 
Standard specifications for these grades of 
anthracite are as follows: 

Maximum Allowable PBRcsuTAnEB 
Total 


Grade 

Under 

Size 

Over 

Size 

Slate 

Bone 

Im¬ 

purities 

Broken, 3U in. 

by in. 

10 

5 

1 

2 

3 

Egg, 2Mo in. 

by S}'* in. 

10 

5 

2 

2 

4 


As shown in Table V, the ash content is 
usually around 10 percent. To be suitable 
for the manufacture of blue gas, anthracite 
should have as low a percentage as is pos¬ 
sible of ash with a moderately high fusing 
point and should consist of large lumps 
with a minimum proportion of fines. 

Where it is available at a fair price, an- 

67 Holbrook, E. A., and FraHer, T., U . 8 . Bur. 
Mines, Bull. 284 (1025), p. 115. 
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TABLE V 

Analyses op Fuels for Manufacture of Blue Gas 


Analysis on Dry Basis 


Kind of Fuel 

Moisture 

as 

Received 

Volar 

tile 

Matter 

Fixed 

Carbon 

Ash 

Sul¬ 

fur 

Btu 

per Pound 

Ash- 

Fusion 

Point 

Size of 
Fuel 

Anthracite, PittKton broken 
coal * * * § 

4.61 

6.07 

83.94 

9.99 

0.91 


op 

2,600 + 

inches 

3^1 0 to 4J'io 

Anthracite, broken f 

3.30 

5.23 

81.74 

13.03 

0.91 

13,042 



Anthracite, broken t 

3.55 

5.27 

84.90 

9.83 

0.78 

13,561 



Anthracite t 

2.77 

5.44 

84.19 

10.37 

0.86 

12,830 



Water-gas coke $ 

3.50 

1.93 

89.76 

8.31 

0.60 


2,300 

Over 2-in. 

Horiaontal and inclined re¬ 
tort coke t 

10.09 

1.91 

87.92 

10.17 

0.73 

12.746 

and above 

grizzly 

Horizontal and inclined re¬ 
tort coke t 









Byproduct oven coke t 

3.13 

1.99 

89.17 

8.84 

0.63 

13,081 



Water-gas coke t 

3.95 

2.15 

87.36 

10.49 

0.93 


2,190 


Water-gas coke t 

1.67 

2.21 

87.32 

10.47 

1.11 

13,004 

2,678 


Spokane gas-house coke || 

1.30 

8.3 

70.3 

21.3 


11,150 



Denver gas-house coke || 


2.88 

79.58 

17.54 

0.62 

11,899 



Boone-Chilton coal H 

1.82 

36.48 

58.73 

4.79 

0.56 

14,380 

2,825 


Fairmont gas coal, average 

1.06 

34.67 

58.16 

7.17 

1.00 



3 to 6 

Klkhorn gas coal ** 

1.94 

37.77 

59.11 

3.12 

0.54 

14,750 


3 to 6 

Perry County, Ill.tt 

7.77 

36.72 

53.45 

9.83 

1.40 

12,816 



Franklin County, Ill.tt 

7.95 

36.08 

53.71 

10.21 

1.31 



6X3 lump 

Whatcom C^ounty, Wash., 
subbituminous coal H 

8.01 

43.44 

37.23 

19.33 

0.35 

10,760 


Washed 

Portland lampblack briquets || 

3.40 

9.0 

90.7 

0.3 


15.100 


pea size 


• B. C. Uhllg, average of 108 samples, 

t 0. A. liunn, each Is average of n number of shipments. 

X A. P. Kiinberger, 

§ E. C. Uhlig, average of 323 samples of Seaboard coke for 1024. 

II Pruc. Pacific Coast Gas Association, 1025, 448. 

H Boone County Coal Corporation, pamphlet on vrater-gas-generntor fuel. 

•* The Consolidation Coal Co., pamphlet on gas and byproduct coals, and private communication 
from W. D. Barrington, Consulting Sales Engineer. 

tt Used in Streator tests, Odell, W. W., and Dunkley, W. A., U. 8. Bureau of Mines, Bull. 203, 
76 (1924). 

Report of A. O. A., Water Gas Committee, 1925, p. 21. 


thracite is an excellent fuel for the manu¬ 
facture of blue gas. It is the densest, most 
concentrated form of commerciid carbon, 
which gives a greater weight of fuel in the 
fuel bed and permits more heat to be 
stored up in the fire during the blow. This 
results in a high capacity from the genera¬ 
tor when using anthracite. Anthracite has, 
however, the disadvantage of increasing 
price and of a trend towards higher ash 


content. Labor troubles which in the past 
have rendered the supply undependable 
have also encouraged the utilization of 
other fuels in the manufacture of blue gas. 

COKE 

Coke for the production of blue gas 
should have the same ash characteristics 
that have been stressed for anthracite, 
namely, the amount of ash should be small 
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and its fusing point should be fairly high. 
Since the amount and nature of the ash in 
coke depend upon the ash characteristics 
of the coal from which it is made, it fol¬ 
lows that coke for blue-gas manufacture 
should be made from carefully selected 
coals. It is not always possible to control 
the amount and nature of the ash in coke 
used for making blue gas, as, for instance, 
where the coke from gas retorts is used in 
carburetted-blue-gas generators, but even 
so the effects of the amount and nature of 
the ash in the coke on the operation of the 
blue-gas generators should be given as 
much weight as possible in the selection of 
the coal for the carbonizing plant. 

In respect to size, coke for making blue 
gas should be uniform lumps and free from 
fines. Egg coke (1% to 2^ inches) or 
larger is suitable. When coke is purchased 
for the manufacture of blue gas, a special 
size is often specified and designated as 
water-gas-size coke. This, for byproduct 
coke, is run-of-oven coke over a 2- or 2%- 
inch rotary grizzly. When coke from a 
carbonizing system is used for making blue 
gas in the same plant, it is customary to 
take the coke as it comes after screening 
out the breeze under or ')4-inch size. It 
has also been proposed to charge hot coke 
into the blue-gas generators as it comes 
from the carbonizing apparatus without 
screening. 

With regard to the other characteristics 
which make one coke more suitable than 
another for the manufacture of blue gas, 
though there is no lack of arguments and 
sales talk on the merits of the different 
kinds of coke, authoritative information on 
the subject is scant. It is claimed by those 
interested in selling this kind of coke that 
screened beehive-oven coke made from a 
washed coal is superior to other cokes for 
making blue gas. In addition to the smaller 
amounts of ash and sulfur in this coke on 


account of the preparation of the coal, a 
greater density and less pore space are 
claimed as special advantages. On the 
other hand, it has been stated®® that me¬ 
dium-sized porous coke is to be preferred 
to large hard coke such as that used for 
blast furnaces. A dense hard coke permits 
a greater weight of fuel to be contained in 
the generator and by its resistance to 
breakage in handling gives a smaller pro¬ 
portion of fines and a freer passage for 
the gases. These factors working together 
might result in a greater capacity for a 
given blue-gas apparatus. On the other 
hand, it is likely that a more porous coke 
may be more reactive and combine faster 
with the air and steam, giving a higher 
capacity. 

The reactivity of the coke has been thor¬ 
oughly studied in connection with its use 
in iron lilast furnaces. Several methods 
have been advanced for the determination 
of reactivity in the laboratory,®® but so far 
it has been impossible to obtain a definite 
relationship between the results of labora¬ 
tory tests and operating results in the blast 
furnace. Although a connection has been 
thought to exist between the reactivity of 
coke and its suitability for blue-gas manu¬ 
facture, no definite relations have been es¬ 
tablished. So many variables influence the 
results obtained from a fuel in a blue-gas 
generator, including in addition to those 
mentioned above the possible catalytic in- 
fiuencp of the chemical nature of the ash, 
that it is extremely difficult to determine 
the effect of such a factor as the porosity 
or the reactivity of different cokes. The 
investigation of the American Gas Associa¬ 
tion Carbonization Committee on the blue- 
gas-making properties of coke made from 

68 Davidson, W. B., Gaa Manufacture, Long¬ 
mans, Green and Co., London, 1923, p. 2C1. 

69 Fieldner, A. C., Chem. d Met. Eng., 29» 
1052-7 (1923). See also Chapter 24. 
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the same coal by five different types of 
carbonizing apparatus has already been re¬ 
ferred to, and it was pointed out that no 
significant differences which could be cor¬ 
related with any known physical property 
were found. In this connection it must be 
remembered that high reactivity to carbon 
dioxide during the blow is usually coupled 
with greater ability to decompose steam 
during the run. The latter is an advan¬ 
tage in blue-gas fuel; the former is not. 
This observation is confirmed by work of 
Fox and White,who showed that the 
great increase in the reactivity of coke to 
both steam and carbon dioxide, which is 
caused by the addition of sodium carbon¬ 
ate, is of no advantage in the present type 
of blue-gas apparatus. (See also Chap¬ 
ter 24.) 

Compared with anthracite, coke is more 
bulky, and hence the capacity of the blue- 
gas apparatus is often less with coke. This 
generalization, however, does not invaria¬ 
bly hold, and some operators think that 
the greater reactivity of coke accounts for 
the fact that with certain byproduct oven 
cokes they have obtained even greater ca¬ 
pacity in carburetted-blue-gas sets than 
with anthracite. Coke has the advantages 
that it does not crack or crumble during 
combustion and that its porous structure 
exposes more surface to the action of the 
air and steam. 

BITUMINOUS COALS 

The use of bituminous coal in blue- and 
carburetted-blue-gas generators dates from 
the necessity during 1917-8 of finding in 
the Illinois district a substitute in water- 
gas manufacture for coke which the re¬ 
strictions of the War Fuel Administration 
made it impossible to obtain. Since then 
the developments in its use have proved 
that bituminous coal has certain advan¬ 
tages as a blue-gas-generator fuel even in 


normal times. In many parts of the coun¬ 
try there are no local supplies of good cok- 
ipg coals or of anthracite. In such sections 
the possibility of using low-priced local 
high-volatile coals instead of expensive coke 
or anthracite which must be shipped long 
distances is financially attractive. The re¬ 
sults of an extensive investigation on the 
subject are discussed in different publica¬ 
tions of the U. S. Bureau of Mines and 
in convention reports of the American Gas 
Association. 

The main difficulties encountered in the 
use of bituminous coal in water-gfis sets 
are: (1) reduced capacity caused by trou¬ 
ble in keeping the fire in good condition; 
(2) stopping up of the checkerbrick in the 
carburetter and superheater with fine fuel 
carried over by the blast, preventing the 
use of high blast pressure in an attemi^t to 
bring up the capacity of the set; and (3) 
smoke resulting from incomplete combus¬ 
tion of the tarry volatile matter from the 
coal when blasted after fresh fuel was 
charged on the fire. 

The difficulty of keeping the fire in good 
condition was solved by the pier process. 

It was noticed that when a coking bitumi¬ 
nous coal was the generator fuel the activ¬ 
ity was mainly located at the periphery of 
the fire, and the central portion was rela¬ 
tively dead. The high temperature and 
radiated heat from the hot fireclay walls 
caused a rapid coking and shrinkage of the 
fuel which allowed most of the air and 
steam to pass up near the walls, resulting 
in a further opening up of the fuel bed 
along the walls. On the other hand, the 
matting of the fuel caused by the plastic 
state in the center of the fire offered in¬ 
creased resistance to the blast and steam 

70 Cf. Odell, W. W., and Dunkley, W. A., 17. 8. 
Bur. Mines, Bull. 203 (1924), 92 pp. 

71 Novak, M. P., Proc. Am. Oaa Assoc., 1025* 
1194-202. 
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and resulted in a larger proportion of the 
activity being limited to the area along the 
walls. The tendency of the lumps of fuel 
to roll to the sides and leave the fines in 
the center during charging further aug¬ 
mented this condition. 

In the pier process a cylindrical pier of 
refractory material introduced into the 
center of the fuel bed extends up almost 
to the top level of the fuel. This results 
m coring out the inactive central portion 
of the fire, and by the effect of the addi¬ 
tional radiating wall surface another ring 
of activity extends outward from the pier. 
By a proper pier design for a given coal 
the two rings can be made to merge and 
give a fire of practically uniform activity. 
The clinker then formed is almost flat, 
having about the same height at the pier 
\\all as at the outer wall wdth only a slight 
(lil) near the center of the annular ring. 
With the permeability and temperature 
uniform across a horizontal section of the 
fuel bed, which are the conditions of good 
operation with coke, a material increase in 
capacity and fuel economy is obtained. A 
pier in a w^ater-gas generator is shown in 
Fig. 7. For an 11-foot generator with a 
grate diameter of 9 feet the diameter of 
the pier may be 3 feet. This gives an 
annular ring 3 feet wide so that no por¬ 
tion of the fuel bed is more than 18 inches 
from a radiating refractory wall. For 
smaller generators the diameter of the pier 
might be somewhat less than one-third of 
the grate diameter and vary according to 
the fuel characteristics. The reduction of 
grate area resulting from the introduction 
of the pier in an 11-foot generator was 11.1 
percent, but the gas-making capacity was 
increased as much as 62 percent with a 
corresponding improvement of 10 to 13 
percent in fuel economy. 

Another device designed to eliminate the 
dead center in the generator fire with bitu¬ 
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minous coal is the water-cooled steel air 
and steam nozzle described by Paff.’^^ 

The stopping up of checkerbrick by fine 
fuel blown over in the blast and the smoke 
caused when bituminous coal is the genera¬ 
tor fuel are troubles peculiar to the carbu- 
retted-blue-gas process and will be treated 
in a later section. No smoke should be 
caused by bituminous coal in the manufac¬ 
ture of blue gas, for the smoke-forming 
components can be completely burned by 
the air used in the combustion chamber 
ahead of the waste-heat boiler. 

The composition of high-volatile coals 
for making blue gas depends upon the lo¬ 
cality and is fairly represented by the data 
in Table V. In the northern Pacific Coast 
states, high-volatile coals which are not 
suitable for carbonization have been found 
successful in the back-run process of mak¬ 
ing carburetted blue gas. In the eastern 
states, high-grade bituminous coals with 
low sulfur and high-fusing ash are active 
competitors of coke and anthracite for 
blue-gas-generator fuel. It is claimed that 
the coal from Boone County, W. Va., whose 
analysis is given in Table V, is used in 
more than 70 carburetted-blue-gas plants. 
The results of the work thus far done to 
evaluate bituminous coals as blue-gas-gen- 
erator fuel show that chemical analysis 
is valuable only in fixing the limits of mois¬ 
ture, sulfur, and ash, that a modified shat¬ 
ter tc.st may be successful in predicting the 
degradation in handling, and that plastic¬ 
ity and agglutinating-power tests might be 
developed to aid in predicting the behavior 
of bituminous coals in the generator. So 
far, plant tests have been the only success¬ 
ful means of evaluating bituminous coals 
for blue-gas manufacture. A list of 36 

72 Puff, J. N., 0(18 Age-Record, «3, 605-6 
( 1020 ). 

73 Pettyjohn, E. S., Proc. Am. Oas Aaaoc., 
1030, 1535-63. 
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Pio 7 Pier in U Q I water (jas generator 


coals which have given good results in bliie- 
or carburetted‘l)hie-gas apparatus was re¬ 
ported at the 1929 convention of the 
American Gas Association Bituminous 
coals are used in blue- or carburetted-blue- 
gas generators in vaiioiis mixtures with 
coke and anthracite or alone. When used 
alone, except m the pier piocess, there is 


a decided loss in lapacity in the larger sets 
as eompiiied with the c.ipacity with coke 
or anthracite 

STUAM 

An idea of the importance of steam as a 
raw material m the manufacture of blue gas 
is given by the proportion of 18 pounds of 










USE OF EXHAUST STEAM IN MAKING BLUE GAS 


steam to 12 pounds of carbon m the blue- 
^ras reaction when carbon monoxide and 
hydrogen alone are formed. As previously 
indicated, the amount of steam decom¬ 
posed is about 25 pounds per 1,000 cubic 
feet of typical blue gas. In practice 40 to 
50 pounds of steam is used per 1,000 cubic 
feet of blue gas and 30 to 40 pounds per 
1,000 cubic feet of carburetted water gas. 
The discussion of making steam for the 
blue-gas plant is entirely outside the scope 
of the present section. It may be men¬ 
tioned, however, that in a blue-gas plant 
all the steam needed in the generator may 
be obtained from the waste-heat boiler of 
the apparatus, and that in a carburetted- 
water-gas set 50 percent or more of all the 
required steam may be made in the waste- 
heat boiler. It seems desirable also to dis¬ 
cuss here the advantages of superheated 
hteam and the use of .exhaust steam m the 
manufacture of blue and carburette<l blue 
gas. 

Supcrheatitig oj Steam in Blue-Gas 
Manufacture. From the facts that steam 
IS decomposed more rai)idly and also the 
resulting blue gas is of better quality at 
higher temperatures it might be expected 
that there would be a very decided advan¬ 
tage in the use of superheated steam in the 
])roce.ss. It may be easily calculated that 
the difference in the heat content of dry 
steam at 338° F (100 pounds gage pres¬ 
sure) and of superheated steam at 800° F 
IS about 7 percent of the amount of heat 
absorbed in the decomposition of the steam 
by carbon to form carbon, monoxide and 
hydrogen. Whether it is more economical 
to furnish this heat by means of a sepa¬ 
rately fired superheater or from the fuel in 
the blue-gas generator is a question that 
must be settled by balancing the costs of 
fuel and operation. If exhaust steam which 
IS never dry is used for making blue gas, 
the advantages of superheating become 
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more decided. Meade cited a compari¬ 
son of four 12-foot carburetted-blue-gas 
machines at Chicago in which the fuel .for 
generators, boilers, and superheaters when 
superheated exhaust steam was used was 
36.76 pounds per 1,000 cubic feet of gas 
made and 41.93 pounds when live steam 
was used—a saving of 5.17 pounds of fuel 
for the superheated exhaust steam. The 
superheating of the steam in its passage 
through the superheater and carburetter is 
no doubt part of the advantage of the 
back-nm process (page 1738), and since 
this process has been so widely adopted 
there appears to be little call for other 
methods of superheating the steam used in 
the water-gas generator. However, results 
of recent tests by one of the large United 
States companies showed no practical ad¬ 
vantage in superheated steam in carbu- 
retted-water-gns manufacture. 

Use of Exhaust Steam in Making Blue 
Gas. The steam accumulator is a device 
for storing the steam, which has been used 
in turbines for driving the air blowers and 
for other purposes around the water-gas 
or blue-gas plant, so that it may be used 
as process steam during the gas-making 
runs. The accumulator is a well-insulated 
steel shell generally 6 to 8 feet in diameter 
by 20 to 30 feet long fitted with an inlet 
pipe, a steam dome, and an outlet pipe. It 
i.s kept about three-quarters full of water 
and has a submerged perforated pipe which 
is connected to the inlet pipe and through 
which the steam escapes into the water. 
The accumulator works on the principle 
that, if the exhaust steam under a few 
pounds of pressure is led into water, as it 
condenses it heats the water finally up to 
the temperature of saturated steam at the 
pressure in question. If the valve on the 
outlet line is then opened the pressure is 

74 See p. 742 of ref. 64. 
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lowered and some of the water flashes into 
steam. In this way the steam for driving 
th^ blower during the blow may be stored 
for use in the generator during the run. 

Schlegel made a careful analysis of 
the matter of using exhaust steam in the 
manufacture of water gas and gave facts 
and figures to prove that for an 11-foot 
set making 3,500,000 cubic feet per 24 
hours for 300 days per year, with a plant 
evaporation of 8 pounds of water from 
and at 212** F per pound of boiler fuel, 
with a saving of 25 pounds of steam in 
the accumulator per 1,000 cubic feet and 
with an investment of $12,000 for the ac¬ 
cumulator, piping, and exhaust-steam con¬ 
nections, the savings would yield a net 
return per year on the investment ranging 
from 56 percent if boiler fuel cost $5 per 
ton to 97 percent at $8 per ton. A typical 
layout and some information on the oper¬ 
ation of an accumulator have been pre¬ 
sented by Kruger."^® Further information 
on the subject has been given by Kruger, 
by Smoot Engineering Corporation, and by 
Husted,^® who stated as a formula in con¬ 
nection with steam accumulators: “Water 
stores between 2 and 3 Btu per iK)und of 
water, per jwund of pressure change.’' 
Efficiencies of 90 percent and above in the 
regeneration of steam by accumulatons were 
reported by Kruger. These results have 
justified the use of steam accumulators and 
made them standard equipment in water- 
gas plants. 

OXYGEN FOR THE MANUFACTURE OF 
BLUE GAS 

The application of oxygen or of oxygen- 
rich mixtures in connection with steam to 

7f» Schlegel, C. A., Proc. New England Assoc. 
Gas Engrs., 192!S, 38-60. 

76 Kruger, R. E., Proc. Am. Qas Assoc., 1925, 
1242-3, 1920, 937-8. Smoot Engineering Corp., 
ibid., 1920, 962-3. Husted, W. W., ibid., 1928, 
1332-4. 


make gas by a continuous process has been 
discussed in the producer-gas section (see 
pages 1629-35). The commercial success of 
all such processes depends upon a cheap 
source of oxygen. A process wffiich aimed 
to produce oxygen cheaply from air was 
developed by the Jefferies-Norton Corpo¬ 
ration of Worcester, Mass., and was de¬ 
scribed by Frey.” It operated on the 
principle of separating oxygen from nitro¬ 
gen by the distillation of liquid air. The 
rectifying still w’as operated at a pressure 
of 300 pounds per square inch. The proc¬ 
ess also made use of expansion engines with 
fiber-lined cylinders which enabled most of 
the nitrogen to be brought up to atmos¬ 
pheric temperature in heat exchangers 
while still under 300 pounds of pressure. 
This nitrogen was then superheated with 
oil or gas fuel and used in ex])ansion en¬ 
gines to develop power for the process. 
The whole system was a reversible cycle 
with theoretical efficiency of unity. If 
mechanically jierfect, power 'would be re¬ 
quired onl>' to compress the oxygen and 
nitrogen from their respective partial pres¬ 
sures in air to atmos])heric ])ressure and 
would amount to about 3 horsepower per 
1,000 cubic feet of oxygen. A plant built 
at Worcester was designed to furnish 100 
cubic feet of oxygen per minute at a cost 
estimated at 50 cents per 1,000. It was 
calculated that in a plant furnishing 2,000 
cubic feet per minute the cost should be 
10 cents per 1,(K)0. However, no later rec¬ 
ord has l)een found regarding the actual 
operation of this process. 

Knowlton,"^® from experiments with the 
use of oxygen and steam in a generator 
with a 25-inch-diameter fuel bed, concluded 
that to be economical in the manufacture 
of blue gas oxygen should be produced at 

77 Frey, A. C., Proa. Am. Qas Assoc., 1925, 
1223-32. 

78 Knowltoi), L. B., ibid., 1929, 1226-9. 
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a co?t per 1,000 cubic feet not exceeding 
the cost of 20 pounds of coke. The pos¬ 
sibility of producing oxygen and hydrogen 
for use in gas manufacture by the electrol- 
>riis of water with off-peak current from 
large electric power stations has also been 
iliscussed.^® It is evident, however, that 
the large-scale use of oxygen in the gasi¬ 
fication of coal still awaits a source of 
cheap oxygen. 

Commercial Blue-Gas Processes 

Data showing operating results of blue- 
apparatus in the United States are 
rather scarce in the literature. In general 
It may be said that the generator fuel 
]ier 1,000 cubic feet of blue gas will run 
about 38 pounds of coke or about 40 
pounds of good bituminous coal carefully 
Mzed (say, 4 to 6 inch) and free from all 
fines. This is assuming that little blow- 
run is used so that the heating value of 
blue gas will be about 300 Btu per cubic 
foot. The amount of steam used per 1,000 
will be about 45 pounds, and the volume 
of generator air per 1,000 will be almost 
1,800 cubic feet. 

For best economy the blue-gas appara¬ 
tus should be operated in connection with 
a waste-heat boiler. When bituminous 
coal is used only the blast gases are gener¬ 
ally passed through the boiler. The waste- 
heat boiler will then give an equivalent 
evaporation of about 50 pounds per 1,000. 
With coke, if only the blast gases are sent 
through the boiler, the evaporation will 
possibly be a little less, but if both the 
blast and blue gases are passed through 
the boiler the evaporation will probably be 
increased to about 70 pounds per 1,000. 

The blow-run consists of closing the stack 
^alve at the end of the regular blow im- 

T9 Clark, P. G., Can. Elec. News. 28. 30-3 
0919) ; Elcc. Engr., 50. No. 3, 197-203 (1031). 

Battin, W. I., private communication. 


mediately after turning off the secondary 
air blast and continuing the generator blast 
with the stack valve closed. This forces 
the producer gas formed during this period 
through the wash box and into the gas 
main. By means of more blow-run, which 
reduces the heating value of the blue gas, 
and by using the back-run or other com¬ 
binations in operating, different variations 
in the above figures may be obtained. The 
capacity may be varied as much as 20'per¬ 
cent, the generator fuel about 10 percent, 
and the evaporation in the waste-heat 
boiler may be reduced as much as 50 per¬ 
cent. 

In Tables VI and VII are given data 
and heat-balance figures based upon aver¬ 
age results obtained for the month of 
January, 1922, in the operation of three 
11-foot Western Gas Construction Com¬ 
pany's blue-gas sets,® and, for comparison, 
similar data and figures based on results 
obtained during Test D of the Tenth /Re¬ 
port of the Joint Gas Research Committee, 
which may be considered typical of British 
practice in the manufacture of blue gas.®^ 

It is interesting to note from the Ameri¬ 
can results the sources of the heat recov¬ 
ered in the waste-heat boiler, which were 


as follows: 

Btu 

From blue gases 15,400 

From undecomposed steam 13,500 

P'rom blast gases 37,800 


Total 66,700 

Less 3 percent estiinat(‘d loss 
from blowing down and 
radiation from boiler 
Net recovered 64,700 


This amount of heat, 64,700 Btu, was 
14.1 percent of the heat in the coke or 

81 Parker, A., Trans. Inst. Gas Engrs., 21, 
322-36 (1922-3). 
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TABLE VI 

Actual Results in the Manufacture 
OF Blue Gas 



Ameri¬ 

Brit¬ 

Ameri¬ 


can ® 

ish 

can 

Material per 1,000 cu ft 




Coke, dry, lb 

34.7 

38.8 

33.8 

Air for blast, cu ft 

2,230 

1,720 

1,610 

Steam used, lb 

51.9 

34.6 

49.6 

Mouture in coke, lb 

1.5 

4.7 


Steam decomposed, lb 

23.85 



Steam undecomposed, Ib 

20.55 



Analysis of coke: 




Moisture, percent 

4.20 

10.8 


Volatile matter, percent 

2.69 


0.8 

Fixed carbon, percent 

89.80 


92.2 

Ash, percent 

7.51 

12.3 

12.3 

Heating value, Btu per lb 

12,650 

11,260 


Analysis of blue gas: 




Carbon dioxide, percent 

5.4 

4.5 

5.3 

Oxygen, percent 

0.7 

0.1 

0.2 

Carbon monoxide, percent 

37.0 

40.7 

39.2 

Hydrogen, percent 

47.3 

49.2 

48.6 

Methane, percent 

1.3 

0.6 

0.8 

Nitrogen, percent 

Total heating value, Btu 

8.3 

4.0 

5.8 

per cu ft 

287 

296 

285 

Analysis of blast gases enter* 




ing the waste-heat boilei: 
Carbon dioxide, percent 

19.9 



Oxygen, percent 

1.1 



Nitrogen, percent 

79.0 



Temperature of blue and blast 




gases: 




Entering the waste-heat 
boiler 

Leaving the waste-heat 
boiler 

1,300®F 

550® F 

....| 
.... 1 

'1,250- 
: 1,300®F 
: 400- 

I 

1 420® F 

Steam from waste-heat boiler; 




Pounds per 1,000 cu ft 

57 0 


33.8 


22.5 percent of the heating value of the 
blue gas made. It is equivalent to the 
evaporation of 66.7 pounds of water from 
and at 212® F. With a works evaporation 
of 8 pounds from and at 212® F, the heat 
saved in the waste-heat boiler represents a 
saving of 8.3 pounds of boiler fuel per 
1,000 cubic feet of blue gas made. On the 
other hand, in the British test in which 

82 Younff, H. B., Proc. Am. Qaa Aaaoc.^ 1032, 
901-2. 


no waste-heat boiler was used, the largest 
item by far in the heat losses was that of 
the potential heat of carbon monoxide in 
the waste blast gas, which amounted to 
21.3 percent of the heat in the generator 
fuel. Also in this test without a waste- 
heat boiler, the loss due to sensible heat 
in the blue and blast gases was nearly 
double that in the American test. These 
results show what may be expected in the 
operation of a blue-gas plant and the im¬ 
portance of the waste-heat boiler in the 
manufacture of blue gas. 

blue gas for chemical processes 

On account of its high percentage of 
hydrogen, blue gas is important as a source 
of hydrogen for use in chemical syntheses. 
The hydrogen from blue gas may be used: 
(1) by itself for a hydrogenating agent as 
in the hydrogenation of oils; (2) in com¬ 
bination with carbon monoxide for the 
manufacture of methanol, higher alcohols, 
or hydrocarbons; (3) in combination with 
nitrogen for the production of synthetic 
ammonia. 

In any event, the first step is the pro¬ 
duction of blue gas. This may be done in 
apparatus already described. However, 
when the demand for blue gas is very 
large, of the order of hundreds of million^ 
of cubic feet per day, as in large synthetic 
chemical plants, the blue-gas generatorb 
are much larger than those coimnon in the 
fuel-gas industry. Developments in large 
blue-gas plants which are known to be ap¬ 
plied in synthetic chemical plants here and 
abroad have not been published, and the 
author has failed in his attempts to obtain 
such information for publication. We can, 
therefore, only infer what might be the 
state of the art in this respect. 

Rambush®^ in 1931 discussed the design 

83 Rambush, N. B., Proc. Srd Intern. Conj. 
Bituminoua Coal, 1, 840-65 (1931). 
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TABLE VII 
Heat Balance 

Calculations based on 1,000 cubic feet of blue gas, 00® F 


American ® British “ 





Percent 


Percent 




of Heat 


of Heat 



Btu 

in Coke 

Btu 

in Coke 

Heat in 






Item 1. In coke burned 


458,040 

100.0 

490,000 

100.0 

2. In steam used 


58,932 

12.8 

38,600 

7.9 

3. In blast 






Total 


516,972 

112.8 

528,600 

107.9 

Heat out—Recovered 






4. C'alorific value in gas 


287,000 

62.7 

296,000 

^60.5 

5. Steam made in waste h(‘at boiler 






(a) 51.9 pounds used under grate 

58,932 





(b) Heat in excess steam 

5,768 





Total 


64,700 

14.1 


.... 

Heat losses 






6. Sensible heat in blue gas and blast gas to con- 





denser and stack 


31,130 

6.8 

63,300 

12.8 

6a. Potential heat in blast gas to stack 




104,200 

21.3 

7. Sensible heat in undecomposed stc^am and 





moisture from coke to condenser 


6,970 

1.5 ] 



8. Latent heat lost in undecomposed steam and 


1 

I 

16,300 

3 3 

coke moisture 


29,550 

6.4 j 



9. Loss in unburned carlmn in ashes 


59,000 

12.9 

29,400 

6.0 

10. Radiation, boiler blowdown, and all ()th(»r losses 

38,622 

8.4 

19,400 

4.0 

Total 


516,972 

112.8 

528,600 

107.9 


of large water-gas generators as built by 
}’ower-Gas Corporation, Ltd., and installed 
at the works of Synthetic Amnionia and 
Nitrates, Ltd., at Billinghain, England. 
He brought out the following points: 

1. Blue-gas generators were built with 
internal diameters up to 15 feet and with 
capacities up to 10 million cubic feet per 
day. They were believed at that time to 
be the largest blue-gas generators in the 
world. These large generators were re¬ 
quired to be of the mechanical type in 
which the principles of construction fol¬ 


lowed the design developed previously in 
connection with mechanical gas producers. 

2. In order to minimize fluctuations in 
blue-gas composition and eliminate varia¬ 
tions in operating procedure, the fuel had 
to be introduced mechanically in small 
increments. 

3. For high rates of gasification, the re¬ 
fractory generator lining was replaced by 
water in jacketed steel as previously proved 
desirable in producer-gas practice. In the 
discussion, it was brought out that the 
necessity for vertical depth of the water 
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jacket depended upon the ash-fusion char¬ 
acteristics of the fuel. High capacity was 
possible with some fuels without the water 
jacket. 

4. A dry seal in the base of the gener¬ 
ator was necessary, since large blue-gas 
generators were operated with blast pres¬ 
sures up to 100 inches water gage. The 
grate design was usually the result of some 
30 years of previous experience in gas pro¬ 
ducers and seemed unlikely to be capable 
of modification by more than minor im¬ 
provements. 

5. The valves in operation should be 
automatically timed and mechanically con¬ 
trolled. 

6. For efficient operation, the potential 
and sensible heat in the blow gases and the 
sensible heat in the blue gas must be re¬ 
covered. This could be done by means of 
waste-heat boilers or preheaters for the 
steam used in the process. 

7. When the blue gas was to be utilized 
in the manufacture of ammonia, the oper¬ 
ation could be modified by the introduc¬ 
tion of steam and air to produce continu¬ 
ously a semi-water gas of which a typical 
composition was carbon dioxide 5.0, carbon 
moAoxide 35.0, hydrogen 38.0, methane 0.5, 
and nitrogen 21.5 percent.* 

Excepting siich differences as may be 
produced by the increase in the size of the 
generator, points upon which no informa¬ 
tion is at present available, items 2 to 6, 
inclusive, have been covered in the dis¬ 
cussion of the manufacture of blue gas 
and carburetted blue gas for fuel purposes. 

♦ It appears doubtful that gas of this com¬ 
position could be made continuously by passing 
air and steam through a hot fuel bed, for the 
heat absorbed in making the blue gas ic nearly 
twice that which could be furnished in making 
the producer gas calculated from the nitrogen 
content. Gas of this composition might be made 
continuously by using an oxygen-enriched mix¬ 
ture and scrubbing out part of the carbon diox¬ 
ide formed. 


Continuous operation for the production 
of semi-water gas is a modification of the 
producer-gas process which has also been 
discussed in another section (see pages 1629- 
35), and reference will be made to it later. 
With regard to possible increase in size 
beyond 15 feet internal diameter of the 
generator, Rambush believed that, if the 
demand justified a capacity of 20 or even 
30 million cubic feet per day per gener¬ 
ator, there should be no serious difficulty 
to overcome in the design, construction, or 
operation of such larger units. 

In the production of hydrogen from blue 
gas special methods of purification are 
necessary. Tar and hydrogen sulfide are 
removed hy methods common to the gas 
industry. If the maximum total sulfur 
allowable is of the order of 0.1 grain per 
100 cubic feet,^* special processes for the 
removal of organic sulfur are necessary 
(See pages 1S15-7.) Iron carbonyl is a 
poison to the catalyst used in the methanol 
synthesis and may be removed by passing 
through activated carbon. Carbon dioxide 
in small amounts may be removed by 
scrubbing with water solutions of ethanol- 
amines or of diaminoisoi)ropanol.®’^ When 
necessary, carbon monoxide may be re¬ 
moved by catalytically oxidizing with 
steam to carbon dioxide and scrubbing out 
the bulk of the carbon dioxide with water 
under pressure.®® This increases the yield 
of hydrogen. Hydrogen may also be sei)a- 
rated from carbon monoxide by liquefac¬ 
tion.®® When the hydrogen is to be used 

84 Underwood, A. J. V., Ind. Eng. Chem.j 82, 
449-54 (1940). 

ssFJacher, F., J. Inat. Fuel, 10, 10-4 (1936). 
Wilke, G., Chcm. Fahrik., 11. 663-8 (1938). 

86 Hirst, L. L., and Pinkel, I. I., Jnd. Eng. 
CJiem., 28, 1313-5 (1936). 

8T Gregory, L. B., and Seharman, W. G., ihid., 
28, 514-9 (1937). 

88 Anon., md., 22, 433-7 (1930). 

80 Pallemaerts, F. A. F., ibid., 21, 22-29 
(1929). 
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with nitrogen for the manufacture of syn¬ 
thetic ammonia, the carbon monoxide may 
be catalytically oxidized to carbon dioxide 
with air, which also introduces the neces¬ 
sary nitrogen into the mixture. 

The cost of hydrogen made from blue 
gas varies according to the size, location, 
and other conditions surrounding the plant. 
Cost figures for large plants are not avail¬ 
able, but it is known that blue gas repr^e- 
sents one of the cheapest sources of hydro¬ 
gen for large-scale chemical manufacture.®® 

CARBURETTED BLUE OR WATER GAS 

Reference has already been made to the 
fact that attempts to enrich blue gas were 
not successful until the invention in 1872-5 
by Prof. T. S. C. Lowe at Norristown, Pa., 
of a system which used, for making the 
enriching oil gas, a separate chaml)er that 
was heated internally by combustion of 
the producer gas formed in the generator 
during the l)low. Later, aided by cheap 
naphtha and gas oil—byproducts in the 
production of lani]) oils and lubricating 
oils from iietroleum—there was a period of 
rapid development in the size and form of 
the apparatus, and by 1882 a considerable 
percentage of the maiiufactured-gas output 
in this country was carburet!ed blue gas.®^ 
In the development during this period of 
the original Lowe apparatus into the threc- 
^hell form used today by United Gas Im¬ 
provement Company of Philadelphia, their 
general superintendent. Dr. Alexander C. 
lliimiihreys, had a leading part. As shown 
in Table VIII, the production of carbu- 
retted blue gas reached a peak in 1926, 
when it represented nearly 60 percent of 
the total manufactured gas in the United 
States. Since that time on account of the 

00 Grogglnn, P. H., Unit Processes in Organic 
Synthesis j McGraw-Hill Book Co., New York, 
1938, pp. 422-0. 

01 Stone, T. W., Proc. Canadian Oas Assoc., 
loac, 185-215. 


spread of natural gas supplied by long 
transmission pipe lines and the installation 
of more byproduct coke ovens by gas com¬ 
panies, both the volume of carburetted 
blue gas produced and the percentage of 
carburetted blue gas in the total manufac¬ 
tured gas have declined. 

Carburetted-Blue-Gas Plant. As was 
shown in Fig. 2, the carburetted-blue-gas 
apparatus consists of three brick-lined cyl¬ 
indrical steel vessels—the generator, the 
carburetter, and the superheater. The gen¬ 
erator with its blast connection, its top and 
bottom steam inlets, its fuel bed, and its 
bottom and top gas offtake pipes has been 
discussed earlier in this chapter. The car¬ 
buretter and superheater are connected at 

TABLE VIII 

Manufactured Gas Produced and Pur¬ 
chased FOR Distribution to Consumers in 
THE United States” 

Coal and 


Curbu- 

Coke-Oven Gas 

Oil 

Total 

Percent of 

retted 

, - 

— . - 

Gas 

Manu¬ 

Carbu¬ 

Blue Gan 

Pro¬ 

Pur- 

Pro¬ 

factured 

retted 

Produced 

duced 

ehaned 

duced 

Gas 

Blue Gas 



billions of cubic feet 



1919 180 

65 

29 

26 

300 

60 

1922 222 

54 

53 

25 

354 

63 

1926 252 

71 

84 

31 

438 

58 

1929 224 

95 

118 

34* 

471 

48 

1933 144 

77 

76 

13* 

310 

46 

1936 148 

78 

85 

16* 

327 

45 

1989 157 

70 

87 

22 * 

336 

47 


♦ IncIiHicH refinery oil gan, refornieU refinery 
oil ga8, reformed natural gaa, and butane-air gas. 


the bottom by a brick-lined gasway and 
are partly filled with checkerbrick. At the 
top the carburetter is connected to the 
gas offtake from the generator, and provi¬ 
sion is made for introduction of secondary 
air and of the enriching oil. At the top 
of the superheater there are a stack valve 
and a gas connection leading to the wash 
box. Other types of water-gas apparatus 

»2 Ryan, P., Am. Oas Assoc., Statistical Bull, 
8 (1980), 31 pp., 44 (1041), 25 pp. 
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have been used, and certain important 
modifications have been made in this type. 
It will be simpler, however, to consider this 
three-shell set, which was developed by 
the United Gas Improvement Company 
and is now made by other builders also, as 
standard apparatus. 

Ovtline of Carburetted-Waier-Gas Proc¬ 
ess. In this process, just as in the blue-gas 
process, the apparatus is heated by alter¬ 
nate blows, and gas is made by alternate 
runs. During the blow, a producer gas 
high in carbon dioxide is formed in the 
generator and is burned by secondary air 
admitted at the top of the carburetter. 
The hot products of combustion traveling 
down through the checkerbrick of the car¬ 
buretter and up through the superheater 
heat these parts of the apparatus and then 
pass on through a waste-heat boiler or di¬ 
rectly from the top of the superheater to 
the stack. During the run, blue gas is 
made in the generator and oil is sprayed 
into the top of the carburetter. The mix¬ 
ture of blue gas and oil vapors passes 
down through the checkerbrick of the car¬ 
buretter and up through the superheater. 
In their passage through the hot checker¬ 
brick, the oil vapors are cracked to per¬ 
manent gases. The mixture of blue gas 
and oil gas is the carburetted blue gas 
which passes from the top of the super¬ 
heater through the wash box and hot main 
to the purifying apparatus. Since the gas- 
making process is an intennittent one a 
small relief holder is provided so that the 
flow of gas through the main part of the 
purifying apparatus may be cons'tant. 
Reference to the flow diagram in Fig. 8 
should give a clear idea of the general 
process. 

Essentially the manufacture of carbu¬ 
retted blue gas is a combination of the 
manufacture of blue gas and of oil gas 
accomplished simultaneously in connected 


‘pieces of apparatus. The manufacture of 
blue gas has already been treated. 

Carburetter and Superheater Construc¬ 
tion. As illustrated in Figs. 2 and 9, the 
carburetter and superheater are firebrick- 
lined steel shells of practically the same 
diameter as the generator. The carburet- 



Fio. 8. Material flow sheet for carburet ted- 
blue-gas plant. 

ter also has about the same height as the 
generator, but the superheater is 8 to 10 
feet taller. The foundations for the car¬ 
buretter and superheater are of concrete 
or masonry, but, to prevent overheating, 
the bottom plates are sometimes supported 
on I-beams which are spaced a few inches 
apart and rest on the foundations. 

The linings of the carburetter and super¬ 
heater consist of 1 or 2 inches of insulation 
and 9 to 12 inches of fireclay which may 
be made of one layer of thick blocks or two 
layers of circle brick. At the top, the 
carburetter and superheater may be dome 




Fig 9 Standard U G I cone top carbnretted blue gas apparatus 


‘^hapcd or cone shaped or flat If they are 
flat the interior of the lining is made more 
or less cone or dome shaped by corbeling 
the blocks or brick m towards the center 
The carburetter and superheater are 
connected at the bottom by a firebnek- 
hned passage or gasway, and each contains 
at its bottom heavy fireclay arches upon 
which are supported rows of heavy blocks 
of tile This arrangement is illustrated m 
Fig 2. The checkerbnek, with which both 
chambers may be filled for a greater por¬ 
tion of their height, rest upon these tile 
blocks, which are usually 10 inches deep 


by 5 inches wide and spaced 4 inches 
apart The checkerbnek are commonly 
9 by 4 5 by 2 5 inches, and their arrange¬ 
ment varies The first course at the bot¬ 
tom IS laid by placing the brick on edge 
end to end without mortar m parallel 
rows which are spaced evenly The second 
course is then laid with the rows perpen¬ 
dicular to those m the first course In 
laying the third course the rows may be 
placed so that the brick in course three 
come directly over the spaces m course one 
This gives the staggered arrangement 
shown m the carburetter in Fig. 2. If the 
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spaces in course three are over the spaces 
in course one it gives the flue arrangement 
shown in the superheater of Fig. 2. 

The function of the checkerbrick during 
the runs is to gasify the oil with heat which 
is absorbed from the blast gases during the 
blows. The efficiency in the performance 
of this function depends princii)ally upon 
the amount of checkerbrick, their arrange¬ 
ment, and spacing. It would lead too far 
to attempt here to go into the details 
which are discussed elsewhere.®* When 
heavy oils which leave large amounts of 
carbon residues are gasified the checker¬ 
brick of the carburetter may be omitted 
in whole or in part. 

At the top of the carburetter, provision 
is made for introducing the secondary air, 
called carburetter blast, whose function is 
to burn the carbon monoxide in the blast 
gases and thus make the heat of combus¬ 
tion, as well as the sensible heat, available 
for heating the checkerbrick. The method 
of introducing this secondary air has been 
investigated by Schaaf,®* who advocated 
the introduction of the secondary air 
through nozzles distributed around the cir¬ 
cumference of the large gas connection 
between the generator and carburetter. 
Sometimes only part of the carbon mon¬ 
oxide in the blast gases is burned by the 
secondary air, and provision is made for 
the addition of tertiary air at the bottom 
of the superheater. 

Since carbon formed in the cracking of 
the oil and dust from the blast products 
are deposited on the checkerbrick it is 
necessary from time to time to shut down 
and remove and clean the checkerbrick in 
the set. The length of time in ordinary 
operation the sets may be run before it is 
necessary to rechecker the carburetter 

98 See pp. 490-7 of ref. 7. 

94 Schaaf, A. H., Oaa Age-Record, 04, 145-8 
(1929). 


varies from 500 to 2,800 hours,®® and the 
time between recheckering of the super¬ 
heaters from 1,100 to 19,000 hours. In 
place of brick it has been proposed to use 
special fireclay tile,®® and the use of cast¬ 
ings of heat-resisting alloys at the top of 
the carburetter where the wear is most 
severe has also been investigated.®^ In 
carburetting with heavy oils, use may be 
made of checkerless carburetters,®* to 
which reference has already been made. 

The oil for enriching the blue giis is 
mainly introduced through an oil spray 
into the top of the carburetter. Since this 
oil represents 40 to 60 percent of the cost 
for materials in the manufacture of blue 
gas the importance of the oil spray is evi¬ 
dent. In earlier practice the oil sprays 
were of solid stream type from which the 
oil was forced under a pressure of 15 to 30 
pounds per square inch in a number of 
fine streams. Later the atomizing or mist 
type of spray became common. In this 
type the oil is delivered to the spray at 
higher pressures up to 250 pounds per 
square inch. The spray in either case 
should deliver the oil evenly over the full 
area of the top of the carburetter checker¬ 
brick. To protect it, the oil spray is ar¬ 
ranged so that it can be withdrawn into a 
recess at the top of the carburetter during 
the blow periods, or it may be water 
cooled. For purging the oil out of the line 
beyond the operating valve and steaming 
out the spray at the end of each run, a 
steam connection is made to the oil line. 
The oil line is also provided with an oil 
meter, of which the indicator is located on 

95 Wolfe, J. H., Proc. Am. Gas Assoc., 1925, 
1244-59. 

96 Eck, L. J., and Wolfe, J. H., Joint Proc. 
Conj. Am. Gas Assoc., 1931. 

97 Parmeloo, C. W., Westman, A. E. R., niid 
Pfeiffer, W. H., Univ. Illinois Eng. Exp. Bta., 
Bull. 179 (1928), pp. 1-88. 

98 Wolfe, J. H., Proc. Am. Gas Assoc., 1924t 
809-12. 
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or near the instrument board. When 
heavy oils are used, provision must also be 
made for an oil heater in the line. 

At the top of the superheater is located 
the stack valve through which the blast 
products may be vented during the blows. 
Here also provision is made for connections 


Automatic Controls. Reference has al¬ 
ready been made to automatic controls for 
blue-gas apparatus. Their use in the car- 
buretted-blue-gas process is equally im¬ 
portant and has been well discussed else¬ 
where.®® In large plants, the size of the 
hot main by which the gas is led from the 



Fig. 10, Western seal tar batter, a form of wash box. 


to the wiistc-he.'it boiler and to the gas 
offtake which leads to the wash box. The 
function of the wash box is the same as 
has been described for the blue-gas gener¬ 
ator excejit that provision must be made in 
the wash box of the carburetted-blue-gas 
set to take care of considerable amounts 
of tar from which straight blue gas is al¬ 
most free. One form of wash box is known 
as the seal tar batter, in which as illus¬ 
trated in Fig. 10 there is a special arrange¬ 
ment of baffles and w^ater spray to remove 
the tar from the gas more thoroughly than 
when it is simply bubbled through water. 


generator house, the steam and blower 
capacities, and the practice of using one 
waste-heat boiler for two sets make it de¬ 
sirable that a certain sequence of opera¬ 
tion be maintained among the different sets 
with relation to each other. This may be 
awjomplished automatically by means of a 
synchronizer or master control device 
which is designed to control the automatic 

»*> Stevirk, (’ II., Am C^an Assoc. Monthly, 5, 
107-27 (1923). 

100 Merritt, M. H., Proc. Am. Qas Assoc., 1928, 
1365-0. 

101 Gas Machinery Co., Oas Age-Record, 68, 
221 (1920). 
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devices operating the individual sets in 
such manner that they are kept in definite 
relation to each other. 

Regular Operation of a Carhuretted-^ 
Blue-Gas Apparatus. The regular opera¬ 
tion of this apparatus has been discussed 
at considerable length elsewhere,^®^ and 
full directions are always furnished by the 
builders of the apparatus. Hence only an 
outline of important points will be given 
here. The operation of the generator itself 
is the same as previously described for the 
blue-gas process. 

The method of drying out the carburet¬ 
ter and superheater and of igniting the 
blast gases for heating the checkerbrick has 
been described in connection with the ig¬ 
niter of the blue-gas apparatus. In the 
manufacture of carburetted blue gas, how¬ 
ever, the subsequent blasting is regulated 
not only to bring the generator fire up 
to gas-making temperature but also to 
heat the checkerbrick of the carburetter 
and superheater to the temperature best 
suited for the gasification of the enriching 
oil. Hence, after the carburetter is lighted 
and the carburetter blast valve adjusted 
so that the brightest and most uniform 
flame is produced in the carburetter, the 
blasting is continued in this manner only 
until the top checkerbrick of the carburet¬ 
ter become red. At this point the carbu¬ 
retter blast valve is raised further to add 
an excess of air in order to carry the heat 
through the checkerbrick of the carburet¬ 
ter and superheater and also to prevent 
overheating the top of the carburetter. 
The first blow on a new machine or on 
one that has been idle for some time will 
require from 10 to 20 minutes, varying 
with the fuel and other conditions. It is 
continued in the way described until the 
top of the fire as seen through the sight 

102 See pp. 513-30 of ref. 7. 


cock at the top of the generator is dull 
red, the brick in the top of the carburetter 
are bright red, and those in the bottom of 
the carburetter show a faint color, at which 
point the apparatus is ready for the first 
run. This run is made in the same way 
as a regular run, which will be described 
later, except that no oil is used unless abso¬ 
lutely necessary in order to prevent de¬ 
creasing too much the heating value of the 
gas in the holder. The use of oil in the 
first runs delays the heating of the checker¬ 
brick. 

Just previous to making the first run, 
the valve on the gas outlet of the wash 
box is cautiously opened, care being taken 
that all the valves between there and the 
relief holder are open and that none of the 
drips contain enough liquid to seal the 
line. These first runs without oil should 
be short up-runs. They serve the double 
purpose of avoiding overheating the grate 
bars and of preventing the temperature in 
the top of the carburetter from becoming 
too high, both of which conditions might 
result from too long a blow. During these 
runs the temperature in the superheater 
will be raised considerably by the heat car¬ 
ried over in the hot blue gas. In one test 
which came to the author’s notice, after 
the generator had been heated with a slow 
fire under natural draft for 30 hours, the 
first blow of 15 minutes raised the tem¬ 
perature at the bottom of the superheater 
from 320® to 1,200® F, and five more blows 
alternating with short runs were required 
to bring the temperature at this point up 
to the operating temperature of 1,500® F. 
In the same test it required 75 minutes to 
bring the temperature of the top of the 
superheater from 280® to 1,000® F, and 
nearly another hour to bring the tempera¬ 
ture at this point to an even operating 
temperature of 1,080® to 1,160® F. 



REGULAR OPERATION OF A CARBURETTED-BLUE-GAS APPARATUS 1727 


After the apparatus has been heated and 
the fuel bed is in condition for making gas 
the problem remains of fixing the proper 
cycle and balancing the set. In the dis¬ 
cussion on blue gas this question was con¬ 
sidered as far as it related to the gener¬ 
ator fire. Here, however, it is necessary 
also to take into account the maintenance 
of temperatures in the carburetter and 
superheater which will give the most effi¬ 
cient gasification of the oil. This will be 
kept in mind in the following treatment, 
and balancing of the set therefore will con¬ 
sist mainly in determining the proper 
steam input to the generator to give the 
highest all-around efficiency of operation 
with a given fuel and a given blast pres- 
sure.^°^ 

The length of blow must be assumed; 
it will vary from 2 to 4 minutes. Shorter 
blows involve too much work with hand 
operation and consume too great a pro¬ 
portion of time in changing valves. The 
upper limit is possible only with a dense 
fuel. The volume of air entering the gen¬ 
erator should be measured. Experience 
has shown that for 525-Btu gas the per¬ 
centage of the total blast entering the gen¬ 
erator will be about 75 and that from 
],4(K) to 1,700 cubic feet of generator air 
IS required per 1,000 cubic feet of gas 
made. For efficient o])eration and high 
capacity, the blast should be at the rate of 
not less than 100 cubic feel per square foot 
of grate area. Provision for 150 cubic feet 
of generator air per square foot of grate 
area is often made. Light porous cokes 
require more air than dense anthracite 
coals. 

If the amount of air passing through the 
generator on the blow is known, the 
amount of gas to be made during the run 
may then be calculated. The theoretical 
amount of steam necessary to generate 

loa Knowlton, L. B., private communication. 


1,000 cubic feet of carburetted water gas 
when using 4 gallons of oil is about 17 
pounds. In practice it takes from 27 to 35 
pounds according to the fuel, being lowest 
with anthracite and highest with hght 
cokes. When about 2.7 gallons of oil per 
1,000 is used, giving a 625-Btu gas, the 
theoretical amount of steam is approxi¬ 
mately 19 pounds, and in practice 30 to 40 
is required. With a short blow the amount 
of heat to be taken out on the run is 
comparatively small. The run may then 
be short without an excessive rate of steam. 
If the run is made long and the steam 
rate reduced, the capacity of the set will 
fall off with increase in labor cost. In gen¬ 
eral, with hand-operated sets, the total 
length of cycle cannot be less than 5 or 6 
minutes without rendering the gasmaker's 
work excessive. The length of run would 
then be 3 to 4 minutes. After the length 
of run and the quantity of steam to be 
admitted have been determined, the rate 
of admission may be calculated. This rate 
may be best maintained by means of steam 
flow meters. 

With automatic operation it is possible 
to shorten the cycle and increase efficiency 
by maintaining a more even temperatu»*e 
111 the generator and thus apiiroach the 
ideal condition cf continuous gas-making. 
For this reason, the shorter cycles tend to 
decrease the fuel and steam required per 
1,000 but reduce capacity when shortened 
below a certain limit by reason of high 
proportion of time lost in valve changes. 

The modern practice in admitting steam 
is to divide each run into up- and down- 
steam periods. The run may start with 
either up- or down-steam but must end 
with a sufficient up-steam period to purge 
all blue gas from the base of the generator 
before the entrance of the blast. The 
allowable percentage of down-steam will 
vary with characteristics of different fuels 



1728 


WATER (S.AS 


from 45 to 55 percent of the total steam 
admitted. 

Starting as outlined above with an as¬ 
sumed length of blow and a rate of blasting 
fixed by local conditions, an excess of car¬ 
bon monoxide which cannot be utilized in 
the carburetter may be formed at the end 
of the blow. There are several ways of 
overcoming this. If the fire cleans easily 
and there is no excessive or hard clinker 
on the grates, the percentage of down-run 
can be increased. As the air passes 
through the fire the oxygen reacts with the 
fuel and forms carbon dioxide, which is 
reduced to carbon monoxide as it passes 
through the hot carbon in the upper part 
of the fire. The hotter the fire, the greater 
the amount of this reaction. Also, the 
slower the rate at which the carbon diox¬ 
ide passes through, the more time allowed 
for the action of the hot carbon, and con¬ 
sequently the greater this reaction. The 
increase in down-run, cooling the top of 
the fire, reduces the amount of this reac¬ 
tion and overcomes the waste of carbon 
monoxide at the end of the blow. The in¬ 
crease in down-run will tend to harden the 
clinker on the grate, and, if the clinker is 
already as hard as can be conveniently 
handled, the down-run should not be in¬ 
creased. Instead a somewhat shallower fire 
may be tried, provided that the carbon 
dioxide in the finished gas is not excessive. 
This will give a smaller zone to react on 
the carbon dioxide in the blast gases. The 
carbon dioxide in the finished gas will 
range from 3.5 percent to 5.5 percent, ac¬ 
cording to the fuel, being lowest with dense 
and highest with light fuels. If the carbon 
dioxide in the finished gas is high, the only 
remaining method of overcoming a waste 
of carbon monoxide during the blow is to 
shorten the blow or, if possible, increase 
the rate of blasting. This necessitates 
shortening the run, unless the cycle is al¬ 


ready at the minimum, in which event the 
rate of steam input will have to be de¬ 
creased proportionally. 

Since the percentage of carbon monoxide 
in the blast gases coming from the gener¬ 
ator is low at the beginning and increases 
as the blow proceeds, provision should be 
made to increase the amount of secondary 
air supplied by the carburetter blast as the 
blow continues. Whether tertiary air is 
supplied by a superheater blast is a matter 
of choice, but many operators prefer to 
add enough air to complete the combustion 
of the carbon monoxide in the blast gases 
at the top of the carburetter and depend 
upon the heat to the superheater being 
supplied by the sensible heat in the blast 
products. 

All sets should be equipped with a pilot 
light, which is a small gas flame so ad¬ 
justed that it will impinge on the blast 
product.s issuing from the superheater to 
the stack. If more than 2 percent of car¬ 
bon monoxide is present it will ignite and 
burn with a blue flame. This enables the 
gasmaker to regulate the amount of sec¬ 
ondary air (and tertiary if used) so that 
there is less than 2 percent of carbon mon¬ 
oxide in the stack gases. 

The Or.sat gas-analysis apparatus is a 
valuable aid in operation, for it enables one 
to tell not only the percentages of carbon 
dioxide, carbon monoxide, and oxygen in 
the blast gases at various points in the 
apparatus but also the percentage of car¬ 
bon dioxide in the carburetted blue gas. 
As has been iiointed out in the operation 
of the blue-gas apparatus, the percentage 
of carbon dioxide in the gas is a direct and 
reliable indication of the etficiency of the 
steam decomposition and of the condition 
of the generator fire. Carbon dioxide in 
the carburetter blue gas in excess of 4 to 
5 percent is caused by too great an excess 
of undecomposed steam, which results from 
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too cool a fire or poor conditions in the 
fire, that is, weak spots or blow holes 
through which much of the steam passes 
without being decomposed. Reference was 
made in the blue-gas process to the use of 
steam-decomposition meters which are also 
important in the carburetted-blue-gas proc¬ 
ess. In addition to such indications on the 
composition of the gas as may be obtained 
in the generator house, regular complete 
analyses and heating-value determinations 
should be made on the purified gas at the 
station meter. The results of these will be 
helpful not only in the calculation of oil 
efficiencies but also in giving the average 
percentage of carbon dioxide. 

The operation during the blow may eas¬ 
ily be inferred from the above discussion. 
To change from blow to run, the carbu¬ 
retter blast valve (or the superheater blast 
valve) is closed exactly on time and fol¬ 
lowed quickly with the closing of the gen¬ 
erator blast valve. If the set has an indi¬ 
vidual blower, the steam to the turbine is 
turned off at this point. The valve admit¬ 
ting steam to the generator is next opened, 
the stack valve closed, and the pressure 
gages observed to make sure that they are 
registering and that no back-pressure is 
building up. 

The valves on the oil line are now 
opened, starting with that next to the 
spray and regulating the flow of oil by the 
valve at the inlet to the oil meter so that 
the desired quantity will be admitted % to 
minutes before the end of the run. On 
the first nms after starting up or after 
coaling, the amount of oil should be con¬ 
siderably less than the regular quantity; 
in the first run of a set which has just 
been brought up to heat, about one-fourth 
of the regular amount of oil is used, the 
amount being gradually increased on each 
run as the temperatures in the carburetter 
and superheater increase until the normal 


amount is added, say, on the sixth run. 
As soon as the required quantity of oil has 
been added, the oil is shut off and all oil 
between the oil valve and the spray imme¬ 
diately purged from the line by steam 
which is allowed to flow for about 10 sec¬ 
onds. 

If part of the run is to be down-run, the 
hot valves and steam may be reversed at 
the desired time without reference to the 
oil flow provided that the blue gas from 
the down-run is also passed through the 
carburetter and superheater. The run 
may be started either up or down and, as 
stated under blue gas, may be divided into 
varying proportions of up-run and down- 
nm, but a few seconds at the end must 
always be up-run in order to purge the 
blue gas from the space under the grate 
and prevent an explosion when the blast 
is turned on. 

To terminate the run and put on a blow 
if the set has an individual blower, the 
steam to the turbine is first turned on and 
then the base steam is shut off exactly on 
time. The generator blast valve may then 
be opened and followed in 5 or 10 seconds 
by the opening of the stack valve. This 
gives a blow-purge which drives the gas 
from the apparatus through the wash box. 
If the opening of the stack valve is too 
long delayed, the blast products entering 
the wash box increase the percentage of 
inerts in the gas. On the other hand, if 
the stack valve is opened before the gener¬ 
ator blast is turned on, as is the practice 
of some operators, the gas in the set is 
purged to the stack and wasted. 

From 5 to 30 seconds after the opening 
of the generator blast valve, depending 
upon fire conditions and never in any 
event until after the stack valve is opened, 
the carburetter blast valve is opened part 
way and then the opening gradually in¬ 
creased as the blow progresses, always fur- 
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nishing just enough secondary air to pre¬ 
vent a blue flame from appearing at the 
stack valve. As has been noted, in many 
of the larger sets this increase in opening 
of the carburetter blast valve has been 
made automatic. 

If the set is provided with a waste-heat 
boiler, through which only the blast gases 
are passed, the change from run to blow 
is made as described, and after the car¬ 
buretter blast valve is opened the boiler 
valve may be opened and the stack valve 
closed. This sends the blast gases through 
the boiler. Then the stack valve is opened 
and the boiler valve closed in the order 
given just before the termination of the 
blow. 

If the superheater blast is used, it may 
be turned on right after the carburetter 
blast. It is regulated in conjunction with 
the carburetter blast so that no carbon 
monoxide flame shows at the stack valve. 
The proportions of carburetter and super¬ 
heater blast must be regulated according 
to the temperatures shown by pyrometers 
in these pieces of apparatus. 

We have already noted the modern tend¬ 
ency toward high blast pressures. The 
actual pressure at the blower outlet varies 
under different conditions and may be 15 
to 40 inches of water pressure. This pres¬ 
sure decreases throughout the set and at 
the superheater or waste-boiler outlet is 
reduced to atmospheric pressure. The loss 
of pressure in the fire and through the 
checkerbrick is doing useful work; the 
other losses, although unavoidable, are 
wasted. If these losses can be reduced, it 
follows that more air will pass through 
the set. Also this wasted energy consumes 
boiler fuel. Where the pressure drop ex¬ 
ceeds the following, it would be well to 
consider enlarging the connections: blower 
to base of generator, 10 percent; top of 
generator to top of carburetter, 10 percent; 


bottom of carburetter to bottom of super¬ 
heater, 4 percent; and top of superheater 
to outlet, 7 percent. 

Operating Factors Affecting Oil Efficien¬ 
cies. The effect of fire conditions on the 
quality of blue gas has been fully discussed. 
These conditions have also a very im¬ 
portant bearing on oil results for they 
directly affect the quality of the blast 
gases, which are used to heat the carburet¬ 
ter and superheater, and thus the tempera¬ 
tures in these chambers. The temperature 
necessary in the top of the superheater 
ranges from 1,200 and 1,400® F for differ¬ 
ent oils, this temperature being usually 
measured with a thermoelectric pyrometer. 
The temperature in the carburetter is con¬ 
siderably higher and is seldom measured. 
Practice has shown that, with proper fire 
conditions and proper amount of secondary 
air, the temperature in the superheater is 
an indication of the temperature in the 
carburetter. 

By observing the overflow water from 
the wash box, it can be readily seen if the 
set is making lampblack, or if oil is con¬ 
densing out. Both these substances float 
on the water. Lampblack indicates too 
high temperatures, and oil too low. Be¬ 
tween these limits the overflow water is 
mixed with a dark brown tar. The stain 
method of determining whether the tem¬ 
perature in the checkerbrick is proper con¬ 
sists in allowing the gas from a small cock 
at the outlet of the wash box to impinge 
on a strip of unglazed white paper. Iln- 
decoraposed oil showing too low a tempera¬ 
ture is recognized by an oily transparent 
stain on the paper. If the temperature is 
too high, the stain will be black from free 
carbon. The proper intermediate tempera¬ 
ture is recognized by a dry brown stain 
free from oil. There is a small range of 
temperature at which the highest efficiency 
for any given oil is obtained. As there are 
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no standard specifications for gas oils, the 
only way to determine this range is by 
varying temperatures slightly and observ¬ 
ing the results. It is, of course, important 
that the oil be sprayed uniformly over the 
carburetter. Extremely poor distribution 
by the spray has been reported to have 
allowed the oil to cool a channel in the 
checkering to such an extent that part of 
it escaped uncracked even when the tem¬ 
perature of the rest of the checkerbrick 
was raised to the point where lampblack 
also appeared in the gas. Trouble is often 
experienced with the temperature in the 
top of the superheater being too high. 
Some operators believe that the tempera¬ 
ture should be from 50 to 100° lower at 
the top than at the base of the super¬ 
heater and should never be higher. An 
excess of secondary air will tend to raise 
the temperature in the top of the super¬ 
heater and under extreme conditions steam 
may be injected about the middle of the 
superheater to cool the top. 

The rate at ^vhich the oil gas passes 
through the fixing vessels has a remarkable 
effect on the efficiencies. There have been 
instances where varying the temperatures 
from the point where oil was noticed on 
the overflow of the wash box to the point 
where lampblack was made, did not give 
good efficiency. The time for admitting 
the oil was decreased from 3 to 2 minutes, 
and immediately the results changed from 
decidedly poor to very good. Other oils 
require a slow rate. The importance and 
effect of the amount and arrangement of 
the checkerbrick and the questions of tem¬ 
perature control in the oil gasifying part 
of the apparatus have been discussed by 
Chairman Wolfe of an American Gas Asso¬ 
ciation Committee, to whose report refer¬ 
ence may be made.®® 

104 Ferguson, H. B., private communication, 
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SPECIAL OPERATING CONDITIONS AND 
METHODS 

The operating procedures which have 
been described above as the regular meth¬ 
ods of operation are those which best ex¬ 
emplify the fundamental principles of the 
process and at one time were used almost 
exclusively. However, a number of other 
methods of operation now in common use 
will be discussed as special or modified pro¬ 
cedures. These include the use of bitumi¬ 
nous coal for generator fuel, the use of 
heavy oils and cold carburetting materials 
as enriching agents, the back-run and the 
reversed air-blast methods of operation, 
the ignition arch carburetter, the reverse- 
flow water-gas machine, and the produc¬ 
tion of low-specific-gravity and of high- 
heating-value gases in water-gas apparatus. 

Bituminom Coal as Water-Gas Fuel. 
The advantages and disadvantages of bitu¬ 
minous coal for the blue-gas process have 
already been given. As far as the gener¬ 
ator is concerned, the operation of the 
pier process applies equally here. Major 
difficulties which apjily particularly to the 
caiburetted-blue-gas process are those re¬ 
sulting from the stopping-up of the 
checkerbrick in the carburetter and smoke 
in the blast products. 

The troubles caused by clogging the 
checkerbrick in the carburetter with fine 
fuel blown over from the generator have 
been remedied partly by means of more 
efficient dust separators such as the cy¬ 
clonic dust catcher ^ between the generator 
and carburetter and partly by wider spac¬ 
ing and flue arrangement of the checkers 
in the carburetter, or by the use of checker¬ 
less carburetters. These allow whatever 
dust reaches the carburetter to collect at 
the bottom where it interferes least with 
the operation and whence it can easily be 
removed. 
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The smoke which may escape from the 
stack in operation with bituminous coal is 
caused by the tarry matter which is dis¬ 
tilled from the raw coal on the top of the 
fire and carried along in the blast gases. 
During the part of the blow when the car¬ 
buretter blast is on, especially if a small 
excess of secondary air is used, this tarry 
matter is burned in the carburetter and 
gives no trouble. However, when oi)erat- 
ing with bituminous coal this tarry matter 
and coal gas and the higher percentage of 
carbon monoxide which results from a 
lower blast pressure all combine to give the 
generator blast gases a higher heating value 
than in oi)eration with anthracite or coke. 
If these richer blast gases are completely 
burned the checkerbrick in the superheater 
will be overheated by the time the gener¬ 
ator fire has been brought up to optimum 
temperature. To prevent this overheating 
in the superheater, the practice was 
adopted of closing the carburetter blast 
valve and continuing the blow with only 
generator blast until the fire reached the 
proper temperature. This led to smoke 
trouble from the tarry matter which es¬ 
caped unconsumed in the blast gases from 
the stack. 

This smoke trouble is overcome by the 
back-run and reversed-air-blast processes 
which will be described later and which 
were in fact invented for the purpose of 
preventing smoke in the use of high-vola¬ 
tile western coals. In the regular method 
of operation this smoke is eliminated by 
the blow-run,^®® which also finds use in 
increasing the gas yield in operation with 
coke. 

The blow-run, as the name implies, con¬ 
sists in making a portion of the gas with 
air instead of with steam. Its application 
in the prevention of smoke formation and 

105 Seeley, 11. K., Proe. Am. Oaa Asaoo., 1824, 
777-84. 


of overheating of the superheater in oper¬ 
ating with bituminous coal is extremely 
simple. Shortly before the end of the regu¬ 
lar blow the carburetter blast is turned off, 
and immediately thereafter the stack valve 
is closed. This forces the blast gases into 
the wash box and adds these blow-run 
gases to the gas collected in the relief 
holder. The blow may then be continued 
until the generator fuel is brought up to 
gas-making temperature. By a suitable 
ratio of blow-run to regular blow time the 
temperatures of the fuel bed and of the 
checkerbrick may both be brought to the 
optimum points. The blow-run gas is high 
in nitrogen and contains considerable car¬ 
bon dioxide. However, since it is made 
near the end of the blow it also is high in 
carbon monoxide and contains some coal 
gas distilled from the raw coal on the top 
of the fuel bed which serves to increase the 
heating value. The tarry matter which 
causes smoke if the blast products are 
vented to the stack gives no trouble when 
they are passed to the wash box and is 
removed in the regular purification of the 
gases. Since the time of the blow-run is 
taken from the blowing period there is no 
loss in the blue gas made so that the blow- 
run gas represents a net gain in capacity. 
The use of the blow-run may require an 
additional amount of enriching oil, but this 
amount is slight unless, as will be ex¬ 
plained later, a large proportion of blow- 
run is purposely employed. If the total 
blowing period with bituminous coal is 3 
minutes, the length of the blow-run might 
be 15 seconds. 

The blow-run increases the fraction of 
the coal gas which is recovered in the use 
of bituminous coal as generator fuel. Mur¬ 
dock found that the coal gas appeared 
to be evolved at a constant rate during 
the cycles.* He estimated that, in his ex- 

106 Murdock, W. J., ibid., 1926, 927-32. 
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periments on a 12-foot machine, 58 per¬ 
cent of the available coal gas was saved, 
50 percent in the runs and 8 percent in 
the blow-runs, and that coal gas contrib¬ 
uted more than 8 percent of the heating 
value in the finished gas. 

The use of steam along with air to the 
generator in the blow-run has been inves¬ 
tigated by Willien,^®^ who found that, in a 
6-foot water-gas set, using steam during 
the blow-run at about half the rate of the 
regular run raised the heating value of the 
blow-run gases from 102 to 187 Btu per 
cubic foot and reduced the percentage of 
nitrogen from 66.4 to 41.5. 

Carburetting with Heavy Oils. The gas 
oil fraction which in the distillation of crude 
petroleum comes off at a higher tempera¬ 
ture than kerosene was formerly the car¬ 
buretting material universally used in the 
water-gas process. This fraction, which is 
made up of hydrocarbons averaging 16 to 
20 carbon atoms per molecule and contain¬ 
ing considerable percentages of paraffin 
hydrocarbons, is not only the best carbu¬ 
retting material for the water-gas process 
but also the most desirable cracking stock 
for making motor fuel in the oil-refining 
industry. Hence, with the rapid increase 
in the demand for gasoline during and 
after the first World War, the rise in the 
price of gas oil made it desirable to find a 
cheaper carburetting material. 

Work on the use of heavy fuel oils in 
the manufacture of carburetted blue gas 
was started by the United Gas Improve¬ 
ment Company and associated companies 
in 1920^“® and resulted in two successful 
processes.’By 1930, one large eastern 
plant was using a million barrels of heavy 
fuel oil per year and these processes were 

107 Willien, L. J., ibid., 1934, 938. 
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being adopted rapidly on the Atlantic sea¬ 
board, where large quantities of heavy fuel 
oils were available at prices fixed by com¬ 
petition with coal for heavy heating opera¬ 
tions. The use of heavy fuel oils for car¬ 
buretting not only results in substantial 
savings but also stabilizes the cost of man¬ 
ufacture of water gas by giving a carbu¬ 
retting material whose price depends upon 
the price of coal instead of the price of 
gasoline. Further the heavy-oil process is 
flexible enough to permit the use of a 
larger proportion of either oil or of solid 
fuel, depending upon the cost. Hence the 
gas manufacturer is able to take advantage 
of changes in the relative prices of coal, 
coke, or oil. 

If it is attempted to enijiloy heavy oils 
in the ordinary method of carburetting, the 
residue of carbon which results from the 
distillation and cracking of the oil in the 
carburetter causes a deposit on the check- 
erbrick which soon accumulates to a jioint 
when it is necessary to shut down the set 
and rechecker the carburetter. Also with 
fuels of high sulfur content the reaction 
between hydrogen sulfide in the gas and 
this hot carbon deposit on the checkerbrick 
results in the formation of carbon disulfioe, 
which is not removed in the ordinary 
methods of gas purification and raises the 
organic sulfur in the gas beyond the al¬ 
lowable limit. 

One method of overcoming these disad¬ 
vantages of heavy oils was designed by the 
engineers of Stone & Webster, Inc.’^® In 
this process, the standard set is modified 
by the installation of a brick-lined pipe, 
which connects the top of the superheater 
to the gas offtake between the generator 
and the top hot valves, and by the instal¬ 
lation of a hot valve in this line and an 
extra hot bottom valve, which allows part 

iJO Stewart, W. D., Proc. Am. Oas Asboc., 
1924, 813-5, 885-6. 
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of the blow to be made with the generator 
completely isolated from the carburetter. 
In doing this the hot valves are reversed 
so that the top one is closed and the bot¬ 
tom is opened, the extra bottom hot valve 
is closed and the hot valve in the new con¬ 
nection to the top of the superheater is 
opened. The air introduced to the bottom 
of the generator heats the fuel bed, and' 
the products pass through the new connec¬ 
tion to the stack valve at the top of the 
superheater. At the same time the blast 
to the top of the carburetter bums the 
carbon from the carburetter checkerbrick 
which furnishes some heat to the carburet¬ 
ter and superheater. The modification was 
found successful on three 11-foot sets at 
Fall River, Mass., and Pawtucket, R. 

A second method proposed for the use of 
heavy oils utilized the reversed-air-blast 
process.^'2 In this process,’^® the hot 
valves are removed, the bottom gas offtake 
is connected to the wash box, and valves 
are installed in the wash-box connections 
so that either the superheater or the bot¬ 
tom generator offtake may be shut off 
from the wash box. During part of the 
blow the air (reversed air blast) is intro¬ 
duced into the top of the superheater and 
passes back through the checkerbrick to 
the top of the generator fire. The rich 
producer gas during this period is led from 
the bottom of the generator to the wash 
box. The reversed air blast also serves to 
burn the carbon deposit from the checker¬ 
brick of the carburetter. 

In application of the rcversed-air-blast 
process to the use of heavy oils, it was 
found necessary to change the spacing and 
arrangement of the checkerbrick in the 

carburetter and superheater,^ 

111 Stewart, W. D., iWd., 1026, 1222. 

112 Davis, R. P., ibid., 1031, 1150-2. 

118 Howard, A. C., Am. Oae Assoc. Monthly, 
7, 679-84 (1925). 


resulting Western Gas reversed-air-blast- 
bunker oil process, oil is added to the gen- 
eratot only but may be added either on 
the up-run or back-run. This process was 
installed in a number of plants and 
used with oils of widely varying character¬ 
istics and with either coke or coke and bi¬ 
tuminous coal mixtures. A modification, 
the down-blast process, is adapted to sets 
not equipped with a back-run pipe. In a 
later development,^^® heavy oils were com¬ 
bined with up to 70 percent of noncoking 
bituminous coal fis generator fuel. Heavy 
oils with as much as 20 percent carbon 
residue have been found successful. In 
1937, 45 installations of the Western Gas 
heavy-oil processes were in operation.^^ 

One of the processes developed by the 
United Gas Improvement Company is the 
empty carburetter atomizing spray meth- 
od,^^^ in which the oil is introduced from 
a finely atomizing spray into an empty 
carburetter. The carbon residue from the 
heavy oil is therefore deposited on the 
sides and bottom of this checkerless car¬ 
buretter, from which it may be removed 
partly by combustion during the blow and 
partly by mechanical means. To permit 
removal of the carbon the shell of the car¬ 
buretter is fitted with a number of large 
self-sealing doors. In a hand-clinkered set, 
the carbon deposit may be largely removed 
from the empty carburetter while the gen¬ 
erator fire is being cleaned. In a set with 
mechanical grate, a shutdown of about 1 
hour a day is claimed to be necessary. 

The second U.G.I. process is the mar¬ 
ginal generator blast method of using 
heavy oils.^^^ This also works on the prin¬ 
ciples of depositing the distillation residue of 
the heavy fuel oil where it will not interfere 

114 Hartzel, F. W., and Lueders, C. J., Proc. 
Am. Oas Assoc., 1032, 883-9. 

116 Merritt, M. H., ibid., 1933, 824. 

116 Merritt, M. H., ibid., 1934, 963. 

117 Dashlell, P. T., ibid., 1980, 886-97. 
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with the operation of the set. This object 
is accomplished by spraying the oil over 
the top of the generator fire, where it is 
either burned during the blow or converted 
to blue gas during the run. To provide 
heat for vaporizing the oil on the top of 
the fuel bed the marginal generator blast 
IS provided by means of a bustle pipe and 
tuyeres to introduce secondary air at a 
number of points around the periphery of 
the fire about 1 foot below the normal top. 
The oil spray need not be of the atomizing 
type and should deliver the oil evenly near 
the periphery of the fuel bed. Good re¬ 
sults are obtained with a rose type of spray 
which delivers the oil m fine streams that 
strike the fire within 18 inches of the outer 
edge. 

The U.G.I. heavy-oil process permits 
four choices in the use of one or a com¬ 
bination of the two methods just de¬ 
scribed.^^® 

1. When the generator fuel is low in 
price and the oil is high in price but of 
good quality, as much of the necessary oil 
as possible is introduced into the empty 
carburetter on the up-run. If more oil is 
needed to maintain the heating value of 
the gas, it is added to the top of the gen¬ 
erator fire on the up-run only and the 
blow-run is omitted. 

2. When the generator fuel is low in 
price and the oil is inferior in quality but 
high in jirice, oil must be added to the top 
of the generator fire as well as to the 
empty carburetter, but only on the up-run, 
and again the blow-run is omitted. 

3. When the cost of fuel oil is low com¬ 
pared with the relatively high cost of gen¬ 
erator fuel, as much oil as possible should 
be used. This is accomplished: (a) by in¬ 
troducing as much oil as possible into the 
empty carburetter on the up-run, adding 
enough oil to the generator on the up-run 

118 Harvey, W. J., ibid., 1931, 1159-63. 


to give the required heating value, and re¬ 
taining the blow-run; (6) by using some 
oil in the carburetter on the up-run and 
additional oil in the generator on both the 
up-run and the back-run. The vapors of 
the oil added during the back-run are 
largely cracked to hydrogen by their pas¬ 
sage down through the fire and thus in¬ 
crease considerably the volume of gas made 
from the oil. 

4. The operation may be adjusted so as 
to take advantage of the large amount of 
tar formed from the heavy oil and produce 
tar with special properties as a valuable 
byproduct. Something along this line has 
been done with the straight-shot oil-gas 
process at Portland, Ore.,^^® and at Seat¬ 
tle, Wash.,^20 but details on the method in 
the watei-gas apparatus are not available. 

The great flexibility of the method of 
operation in the U.G.I. heavy-oil process 
may be illustrated by results obtained with 
an 11-foot back-run set using byproduct 
coke and Bunker C oil (11 percent carbon 
residue) and making 530-Btu gas. The re¬ 
sults varied from 22.8 pounds of generator 
fuel and 3.30 gallons of oil per 1,000 cubic 
feet when no blow-run was used, to 15.8 
pounds and 4.18 gallons with about 18 per¬ 
cent of blow-run gas. In this range, the 
capacity of the set increased from 4.5 to 
5.75 million cubic feet per day, while the 
specific gravity of the gas increased only 
from 0.63 to 0.68. 

Other modifications in apparatus and 
method of operation which have resulted 
from the use of heavy oil as carburetting 
material include: the Gas Machinery Com¬ 
pany heavy-oil process in which the oil 
is introduced into both the generator and 
carburetter; the introduction of a brick 

118 Hull. H. L., Oas, 14, 36 (1938). 

i-'o Effliiger, R. T., Gas Age-Record, 81, 28-9 
(1938). 

121 Steinwodell, W. E., Proc. Am. Gas Assoc., 
1931, 1209-10. 
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pier in the checkerless carburetter to in¬ 
crease the heat available for gasifying 
heavy oil in this apparatus; the ignition 
arch process; and the refractory-screen 

carburetter .^28 

In the Semet-Solvay ignition arch proc¬ 
ess, the checkerbrick with supporting tile 
and arches are omitted in the carburetter. 
Instead, two arches are sprung across the 
carburetter at right angles to each other, 
one just above the other. These ignition 
arches are near the top of the carburetter, 
and the wall on top of each arch is built 
up even with the bottom of the inlet con¬ 
nection from the generator. For the in¬ 
troduction of oil, four water-cooled atom¬ 
izing sprays are located equally spaced 
around the circumference of the carburet¬ 
ter below the ignition arches. These sprays 
point upward at an angle of about 30 de¬ 
grees so that the oil is discharged towards 
the bottom of the arches and countercur¬ 
rent to the flow of the blue gas passing 
downward in the carburetter. In the proc¬ 
ess, oil is also sprayed over the top of the 
fire in the generator. During the blows 
secondary air is admitted partly to the 
top of the carburetter and partly through 
scurfiug slots in the bottom of the carbu¬ 
retter. The oil is introduced into the car¬ 
buretter during the up-runs and on the top 
of the generator fire during the back-nms. 
The operation of this process is further de¬ 
scribed in an article by Ide.^-* 

The refractory-screen carburetter,^-®* 
a modification of the refractory-screen oil¬ 
gas process, was developed by the Im¬ 
proved Equipment-Russell Engineering 
Corporation to meet the requirements of 
heavy oil and coke in the manufacture of 

122 Parke, W. B., 1984, 897-908. Beard, 

W. K.. ibid., 1935, 770-1. 

123 Barclay, T. B., ibid., 1985, 783-4. 

124 Ide, A. J., Gas, 10, No. 5, 45 (1940). 

125 Barclay, T. B., Proc. Am. Gas Assoc., 
1989, 592-3. 


low-heating-value manufactured gas. In it 
the checkers in the carburetter are re¬ 
placed by a shallow screen of small re¬ 
fractory blocks. In operation this screen 
receives and retains the carbon from the 
heavy oil which is sprayed into the carbu¬ 
retter. During the blow period, air in¬ 
troduced into the top of the supedieater 
passes up through the carburetter screen 
for a short time. This air aids the regular 
secondary air, which passes down through 
the screen, in burning the accumulated 
carbon. 

Terzian Factor. Study of data accumu¬ 
lated in the development and application 
of the U.G.I. heavy-oil process led to a 
new formula for relating the generator fuel 
and heavy oil to the heating value of the 
gas made: 

Terzian factor = -7 
A 

where IT = 10 (pounds of fuel per 1,000 
cubic feet) -h 100 (gallons of oil per 1,000 
cubic feet), and A = Btu per cubic foot of 
gas made. The value of this factor is gen¬ 
erally between 1.0 and 1.35, varying di¬ 
rectly with the gallons of tar formed per 
1,000 cubic feet of gas made. On account 
of this direct relation with the tar formed 
the Terzian plant constant is found by the 
formula 

Terzian plant constant = 

A 

in which = K - 100 (gallons of tar per 
1,000 cubic feet). The value of the Ter¬ 
zian plant constant is generally close to 
0.9. For a discussion of data, charts, and 
examples illustrating application of these 
relations, reference should be made to the 
original article,^-® but the following con¬ 
clusions seem warranted. 

1 . There is a distinct relation between 

126 Terzian, H. Q., ibid., 1936, 843-60. 
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the calorific value of the gas, the generator 
fuel, oil, and tar results, even though the 
fuel and oil results might vary consider- 
jfbly on account of re-forming and the use 
of the blow-run and the air purge. 

2. Where the generator fuel and oil used 
are fairly uniform in quality, the relation 
of the heating value of the gas, generator 
fuel, and oil results can be represented by 
the Terzian factor. 

3. Experience shows that the Terzian 
factor is a practical means of comparing 
jilant operating results (excepting the tar 
product) obtained under widely varying 
conditions of operation with heavy oil and 
with variations ranging in fuel from 10 to 
25 pounds per 1,000 cubic feet, in oil from 
3 to 6 gallons, and in heating value from 
400 to 700 Btu per cubic foot. 

4. There is a definite relation between 
the Terzian factor and the enriching value 
and tar-making properties of a heavy oil. 
Either the enriching value of the oil or the 
Terzian factor having been determined, it 
is then possible to predict the fuel and.oil 
results throughout their range of varia¬ 
tions, and the tar formed (but not its qual¬ 
ity) per 1,000 cubic feet. Thus all the 
plant operating data necessary to evaluate 
a heavy oil, except the quality of the tar 
formed, are obtained. 

5 . The Terzian plant constant combines 
in a useful form the relation between the 
heating value of the gas, the fuel, oil, and 
tar results for making carburetted water 
gas with heavy oil. 

Cold Carburetion. Refinery oil gas, when 
available, is desirable, from the standpoint 
(rf both economics and fuel conservation, as 
an enriching material in the production of 
water gas. As practiced by the Brooklyn 
Union Gas Company,^-^ refinery oil gas 
having a specific gravity of 1.10 and heat¬ 
ing value of 1,700 Btu per cubic foot is 

127 Schaaf, A. H., ibid., 1984, 933-5. 


mixed with the water gas ahead of the sul¬ 
fur purifiers. When blue gas of 300 Btu 
and 0.55 specific gravity is enriched, the 
finished gas of 550 Btu and 0.65 specific 
gravity contains about 18 percent of the 
oil gas. Refinery oil gas may also be 
added, before the exhauster, to the water 
gas which has been partly enriched with 

Oil.128 

The cold carburetion of blue gas with 
butane or propane was reported as early 
as 1927.^-® It is economical only under 
sfiecial conditions such as meeting large 
peak loads of short duration.’When the 
enriched blue gas is a high-heating-value 
gas as a substitute for natural gas, enrich¬ 
ment with butane and propane gives a gas 
with burning characteristics near those of 
natural gas.’*'*’ 

The Young-Whitwell Back-Rvn Process. 
The back-run process, first developed at 
Everett, Wash.,^^* was the result of the 
attempt to utilize cheap local coal in the 
manufacture of gas.^^^ It has since proved 
so widely successful with a variety of fuels, 
including coke, anthracite, and bituminous 
coal,’’** that it is almost standard practice 
in larger installations. It consists essen¬ 
tially in substituting, for the ordinary 
down-run, a back-run in which steam is 
admitted to the top of the superheater, 
passes down through the superheater up 
through the carburetter, and into the top 
of the generator through the gas offtake. 
The back-run gas made by passing this 
steam down through the fuel bed is led 

121 * Workman, D. M., ibid., 1934, 936-7. 

129 Odell, W. W., U. 8. Bur. Mines, Kept. Jn- 
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(1929), 90 pp. 
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through a special connection from the hot- 
tom of the generator directly to the wash 
box. 

The changes in a three-shell carburetted- 
blue-gas apparatus necessary to convert it 
for the back-run are: (1) The upper hot 
valve and the connection of the bottom 
gas offtake to the hydrogen pipe are re¬ 
moved. The lower hot valve may be left 
and used as the back-run valve, or it too 
may be removed. (2) The bottom of the 
generator is connected by a back-run gas 
offtake to the inlet of the wash box. (3) 
The steam line to the top of the generator 
is replaced by one to the top of the super¬ 
heater. The stack valve may have to be 
weighted to withstand extra pressure. (4) 
Valves are provided in the back-run pipe 
and in the gas connection between the su¬ 
perheater and the wash box so that gas 
may be caused to enter the wash box either 
from the superheater or from the bottom 
of the generator through the back-run pipe. 
A special three-way valve at the entrance 
to the wash box may be substituted for 
the two valves in the back-run and super¬ 
heater connection pipes. 

The method of operation with the back- 
run varies with the fuel and other condi¬ 
tions, the cycle being adjusted to give the 
most satisfactory condition of the fire. A 
cycle which the inventors found useful con¬ 
sisted of 2 minutes' blow with secondary 
air to the carburetter, 2 minutes' up-run 
with introduction of oil, 2 minutes' blow 
with secondary air to the carburetter, 2 
minutes' back-run during which coal was 
charged to the generator by means of an 
automatic charger, and then a 1-minute 
up-run, after which the cycle was repeated. 
Brief blow-purges are also desirable. To 
go from the blow to a back-run, the carbu¬ 
retter and generator blast valves are closed 
as usual. With the valve on the gas con¬ 
nection from the superheater to the wash 


box closed, the valve on the back-run con¬ 
nection to the wash box is opened as soon 
as the blast is shut off. The stack valve is 
then closed and the steam to the top of 
the superheater turned on. The steam 
passes down through the superheater and 
up through the carburetter to the top of 
the generator and down through the fire. 
The blue gas made passes through the 
back-run connection from the bottom of 
the generator directly to the wash box. 
Before going on the blow after a back-run, 
it is necessary to reverse the steam and 
valves in the gas offtake so as to make a 
regular up-run with bottom steam long 
enough to purge the blue gas from the base 
of the generator; otherwise an explosion 
would result when the generator blast is 
turned on. When gas oil is used the oil 
rate is increased to introduce all the oil 
during the up-run and no oil is used in 
the back-run. With heavy oils, as already 
noted, part of the oil may be put on the 
top of the generator fire during the back- 
run. 

Operating results with the back-run will 
l)e stated later. The advantages found for 
this process include: 

1 . Since the heat losses of the set are re¬ 
duced there is a corresponding reduction in 
the generator fuel reiiuired per 1,000 cubic 
feet of gas made. The back-run steam cools 
the top of the superheater and itself is 
highly superheated by the passage through 
the checkerbrick on its way to the top of 
the generator. It, therefore, cools the fire 
less in the formation of blue gas. On the 
other hand the back-run gas and undecom¬ 
posed steam leave the bottom of the gen¬ 
erator and enter the wash box at a tem¬ 
perature of 800® F or lower instead of 
1,200 to 1,400® F, which is the temperature 
of the regular down-run gas when it enters 
the wash box from the Superheater. The 
back-run gas therefore carries less heat 



1739 


SEMET-SOLVAY REVERSE-FLOW WATER-GAS MACHINE 


away from the set and throws a smaller 
load on the condensing apparatus. Also 
the back-run steam cools the checkerbrick 
of the top of the superheater so that the 
brick extract more heat from the up-run 
gas and blast products, which therefore 
carry less heat away from the set. These 
savings, though partly offset by the de¬ 
crease in the steam made by the waste- 
heat boiler, result in a considerable reduc¬ 
tion in the generator fuel on account of 
the shorter blasting periods made possible. 
The cool superheater top also decreases 
the lampblack and naphthalene formed by 
overcracking of the oil. 

2. The back-run steam reacts with any 
carbon deposited on the checkerbrick and 
keeps them clean, thus lengthening the life 
of the checkerbrick and saving labor, op¬ 
erating time, and materials by the longer 
periods betweer recheckerings. Since car¬ 
bon Ls removed from the carburetter 
checkerbrick by the back-run steam, it is 
possible to operate with high-sulfur heavy 
oils in this process without the checker¬ 
brick becoming clogged and without exces¬ 
sive organic sulfur in the gas. 

3. On account of the larger ratio of run 
to blow and the less frequent .shutdowns 
for recheckering, the capacity of the set is 
increased. 

4. Because the make gases enter and 
leave the wash box at lower temperatures, 
the condensing capacity of the plant may 
be materially decreased. 

5. The elimination of the hot valves re¬ 
moves a constant source of expense and 
trouble in maintenance. 

6 . With an automatic charger in the 
back-run process, the use of smaller sizes 
of cheaper fuel is possible. 

Semet-Solvay Reverse-Flow Water-Gas 
Machine,^^^ In this process two modifica¬ 
tions in the principle of operation of the 

issOliveros, R. P.. ihid., 1030, 827-30. 


water-gas process are introduced. First, 
the heating gases in the superheater are 
caused to flow down through the checker¬ 
brick so as to take advantage of the phe¬ 
nomena of convection currents which have 
been found of special importance in the 
heating of checkerbrick in the Pacific Coast 
oil-gas process and in the heating of 
blast-furnace stovesSecond, the gases 
pass up through the carburetter, so that 
during the up-run the oil which is intro¬ 
duced by an atomizing spray into the top 
of the carburetter meets a rising current of 
hot blue gas and the evaporating droplets 
fall through the upward current of gas to¬ 
wards the hotter zone in the bottom of the 
carburetter. 

As shown in Fig. 11, this is a three-shell 
machine with the conventional generator. 
The hydrogen pipe from the top of the 
generator leads to the bottom of an ele¬ 
vated carburetter. The carburetter outlet 
is at the top and connects to the top of 
a standard-size superheater. The super¬ 
heater outlet is at the bottom and connects 
by a riser pipe to the stack valve and a 
three-way back-run valve located above 
the wash box as in normal practice. A 
back-run pipe extends from the base of the 
generator to the three-way back-run valve. 
Near the bottom of the carburetter, sup¬ 
porting tile carry three or four rows of 
standard checkerbrick. Above them the 
carburetter is empty, but the superheater 
contains the Usual numbel of checkerbrick. 
An atomizing oil spray is installed in the 
top of the carburetter, and for heavy-oil 
operation a spray is provided to introduce 
additional oil in the top of the generator. 

In the operation during the blow period, 

336 Cowles, R. R., Henderson, W. M., and Yard, 
W. S., Production of Oil Oaa, Educational Com¬ 
mittee of Public Service Employees’ Ausoc., San 
Francisco, 1922, 96 pp. 

187 Groume-Qrjimailo, W. E., Iron Age, 107, 
1613^6 (1921). 




ELeYAT!OH-«CTIQH..A:A 

Fig 11 The Semet Solvay reverse flow water-gas machine for light or heavy oil operation, coke 
or bituminous coal. 
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primary air admitted in the base of the 
generator passes up through the fuel bed. 
Secondary air is admitted at the top of the 
generator or in the connection between the 
generator and carburetter. Combustion of 
the blast gases heats the checkerbrick 
grate at the bottom of the carburetter and 
makes this the hottest part of the carbu¬ 
retter. The blast products then pass up 
through the carburetter, down through the 
fniperheater, and up the riser pipe to the 
stack. In the superheater, convection cur¬ 
rents cause the hotter gases to lag behind 
the downward main current of the heating 
gases and thus facilitate even heating and 
efficient heat transfer. 

In gas-making, during the up-run, steam 
is admitted at the base of the generator 
and the blue gas passes from the top of 
the fire to the bottom of the carburetter 
and upward through the hot zone of the 
checkers. At the. same time oil is sprayed 
into the top of the carburetter, and the 
droplets travel down against the upward 
current of hot blue gas. As the oil gasifies, 
it is carried along with the blue gas. The 
ungasified droplets travel downward against 
rising currents of hot blue gas and into 
hotter regions until the gasification is com¬ 
plete, except for the residual carbon which 
deposits in a thin layer on the few checker- 
brick at the bottom of the carburetter. 
The mixture of blue gas and oil gas and 
vapors passes from the carburetter down 
through the superheater, where conversion 
into permanent gases is completed. The 
gases leave the bottom of the superheater 
where the temperature is lower and pass 
up the riser pipe to the wash box. 

During the back-run, steam is admitted 
at the bottom of the superheater, passes 
up through the superheater, down through 
the carburetter, and to the top of the gen¬ 
erator. The back-run gas passes from the 
bottom of the generator to the wash box 


as in the standard back-run apparatus. 
During the back-run some blue gas is made 
from any carbon which has been deposited 
on the checkers at the bottom of the car¬ 
buretter, and this action together with the 
combustion at this point during the blow 
consumes the carbon which is deposited 
here in heavy-oil operation. The opera¬ 
tion of this process with heavy oil has been 
described in detail by Dopp,^®* and the use 
of this process in the production of high- 
Btu gas has been discussed by Vitting- 
hoff.*®® 

Low-Gravity Water Gas, Work done at 
Philadelphia in 1910, leading to a patent 
by G. H. Waring in 1911, showed that car- 
buretted blue gas containing up to 75 per¬ 
cent hydrogen and having a specific grav¬ 
ity as low as 0.25 could be made. Oil and 
no steam was introduced during the down- 
run with a low hot fire, and the second half 
of the run was up-run with steam and no 
oil. The object was to obtain gas for bal¬ 
loons, and no commercial application was 
made of the process.^^® In 1926, the ne¬ 
cessity at St. Paul, Minn., of finding a 
I)eak-load gas which could be substituted 
for or mixed with coke-oven gas led to fur¬ 
ther work on the subject in a back-run 
water-gas apparatus.^^^ The Willien-Stein 
process which resulted was taken over by 
the United Gas Improvement Company .^*2 

In the earlier work at St. Paul with an 
11-foot back-run set, to make 550-Btu gas, 
about 1.5 gallons of gas oil per 1,000 cubic 
feet was introduced into the carburetter 
during the back-run and the vapors were 
cracked by passing down through the gen- 

138 Dopp, J., paper presented at Joint Conf. of 
Prod, and Chem. Com., Am. Gas Assoc., 1939. 

139 Vittinghoir, H., ibid., 1938. 

140 Evans, O. B., Froc, Am, Oaa Aasoc., 1929, 
1219-21. 

i4iWillien, L. J., and Stein, L., ibid., 1927, 
1030-45. 

142 Hall, E. L., ibid., 1930, 1491-2. 
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erator fire. The rest of the oil was put 
into the carburetter as usual on the up- 
run. In this way the specific gravity of 
the water gas was reduced from 0.70 to 
between 0.50 and 0.55. This gas was suc¬ 
cessfully used in a district where the appli¬ 
ances were adjusted for coke-oven gas. 
Better results were obtained with coke or 
a mixture of coke and coal than with all 
bituminous coal. The capacity was in¬ 
creased 23 percent over that with coke and 
57 percent over the capacity of normal op¬ 
eration with bituminous coal. 

Later work at Philadelphia showed 
that it was possible to reduce the specific 
gravity of water gas from 0.65 to 0.55, with 
an increase in capacity and at an increased 
cost of somewhat less than 3 cents per 
1,000 cubic feet of 530-Btu gas. In this 
work, the oil was introduced into the top 
of the superheater on the back-run. Re¬ 
duction of the specific gravity below 0.55 
would be relatively more expensive. This 
process has no effect on the amount of hy¬ 
drogen sulfide or of organic sulfur in the 
gas but apparently increases the naphtha¬ 
lene and increases the free carbon in the 
tar. In operation over long periods, some 
provision should probably be made to take 
care of the lampblack produced. The 
process has also been tested at Louisville, 
Ky., at Pontiac, Mich., and again at St. 
Paul.^^® A typical low-gravity gas made 


back-run set is: 

Percent 

Carbon dioxide 

3.6 

Illuminants 

6.1 

Oxygen 

0.4 

Carbon monoxide 

21.9 

Methane 

10.9 

Ethane 

2.5 

Hydrogen 

49.6 

Nitrogen 

5.0 

Btu per cubic foot 

536 

Specific gravity 

0.538 


Willien, L. J.» ibid., 1928, 1221-8, 1228-6; 


The fact that the Willien-Stein process 
gives increased capacity to standard equip¬ 
ment and also furnishes a gas which ap¬ 
proaches coal gas in burning characteristics 
makes the process of special interest. 

High-Btu Water Gas. With the spread 
of the transmission of natural gas in manu- 
factured-gas territories, the necessity arose 
of producing gas which could be mixed 
with or even substituted for natural gas. 
Since in many of the places thus affected 
water-gas apparatus was already available, 
these conditions led to the manufacture of 
high-heating-value carburetted blue gas. 
The details of operation depend on local 
conditions.^®'* 

In general the manufacture of high-heat- 
ing-value gases in the water-gas apparatus 
has been well summarized by Nagler.'^® 
Essentially, high-Btu water gas is made by 
greatly increasing the proportion of oil gas 
and correspondingly decreasing the blue 
gas in the mixture. To increase the pro¬ 
portion of oil gas, the oil used is raised 
from about 3 gallons per 1,000 cubic feet 
of 530-Btu gas to some 7.5 gallons for 800- 
Btu gas and as much as 10 to 13 gallons 
for 1,000-Btu gas. On account of the 
smaller ])roportion of blue gas the steam 
input may be decreased from about 30 
pounds per 1,000 for 530-Btu gas to 15 
to 20 pounds for 800-Btu and 10 to 15 
pounds for 1,000-Btu gas. In certain types 
of operation, a large amount of additional 
''carrier steam” may be introduced to the 
top of the generator during an oil run.'^® 

Gas Age-Reoord, 64, 717-8, 720 (1929). Stein, 
L., Proc. Am. Gaa Aaaoc., 1880, 1490-1502. 

144 Fischer, F. L., ibid., 1888, 789-93. Young. 
H. B., ibid., 1888, 795-6. Dieterle, E. A., ibid , 
1888, 806. Wlllien, L. J., Gaa Age-Record, 72, 
431-3, 440-1 (1933). Workman, D. M., Proc 
Am. Gaa Aaaoc, 1884, 928-30. Beard, W. K., 
ibid., )[835, 768-72. Steinwedell, W. B., ibid., 
1838, 681. Azar, A. A., ibid., 1838. 682-3. 

145 Nagler, K. B., ibid., 1833, 805. 

146 Beard, W. K., ref. 144. 



PEAK-LOAD GASES 


The generator fuel remains approximately 
the same or may be decreased somewhat, 
25 to 30 pounds per 1,000. The tempera¬ 
tures in the superheater range from 1,350 
to 1,400° F. 

Of the 7.5 gallons of oil per 1,000 cubic 
feet for 800-Btu gas about two-thirds are 
introduced into the carburetter and one- 
third onto the generator fire during the 
up-run. For 1,000-Btu gas, approximately 
one-fourth of the 13 gallons of oil may be 
put into the generator, or with the use of 
a pier in a large carburetter all the oil may 
i)e put into the carburetter.^^® The spe¬ 
cific gravity of the gases is given in Table 
IX. To obtain lower specific gravities. 
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sets and as much as 50 percent for small 
sets. In making higher-Btu gas the output 
of the set may be considerably reduced. 

Peak-Load Gases. It has already been in¬ 
dicated that the manufacture of high-heat¬ 
ing-value carburetted blue gas usually has 
the object of meeting peak loads. Hfence 
the previous discussions and references on 
that subject apply equally here. Addi¬ 
tional discussions from the special stand¬ 
point of peak-load capacity are found in 
papers by Pratt and Willien. 

Pratt presented some interesting fig¬ 
ures on the capacities of water-gas appa¬ 
ratus. In 1910, the rated capacity of an 
11 -foot water-gas set was 2,000,000 cubic 


TABLE IX 


COMPAKISON OF CARBURKTrKI) BlUE GaSEB OF DIFFERENT HeATING VaLUEB 


Btu/cu ft 

540 

695* 

811 

850 

1,010 

Oil, gal/1,000 cu ft 

3.0 

4.2 

7.5 

8.6 

13.1 t 

Fuel, lb./l,000 cu ft 

30.0 

30.8 

32.1 

32.0 

26.5 

Steam, lb/1,000 cu ft 

30.0 

30.9 

20.0 

19.8 

15.0 t 

C.arbon dioxide, percent 

3.4 

4.3 

1.8 

1.6 

4.4 

llluminants, percent 

8.4 

12.6 

19.7 

18.9 

27.4 

Oxygen, percent 

1.2 

0.7 

0.3 

• 0.2 

1.1 

Carbon monoxide, {)ercent 

30.0 

30.2 

25.7 

21.3 

9.1 

Hydrogen, percent 

31.7 

29.3 

29.2 

28.0 

19.9 

Methane, percent 

12.2 

17.8 

13.5 

20.7 

21.8 

Ethane, percent 



5.2 

4.3 

5.3 

Propane, percent 





0.3 

Nitrogen, percent 

13.1 

5.1 

4.6 

5.0 

10.7 

Specific gravity 

0.64 


0.70 

0.69 

0.85 


• 2a.,'»-rnn(llopower gas. 

t Heavy oil, 7.6 percent ("oiirndson carbon, specific gravity 13.7 ®Bauni6. 

t In aildition 42 pounds of steam per 1,000 cubic feet was used in the top of the generator as 
cnrrier steam and 36 pounds per 1.000 cubic feet of exhaust steam as superheater cooling steam. 


some of the oil gas must be re-formed by 
adding oil on the fire during the back-run 
or down-run. The tar yield is markedly 
increased from the 0.2 gallon per 1,000 for 
530-Btu gas to about 1.1 gallons for 800- 
Btu and some 30 percent of the oil used 
for the 1,000-Btu gas. The thermal capac¬ 
ity of the apparatus in making 800-Btu gas 
may be increased 15 to 20 percent for large 


feet per day. Since then the capacities 
have been increased by the use of higher 
blast pressures, hydraulic and automatic 
valve operation, larger connections, down- 
run and back-run methods of operation, 
automatic charging, and mechanical grates, 
so that in 1930 the capacity of an 11-foot 

14T Pratt, C. 0., Proo, Am. Gas Assoc., 1980, 
1496-502. 
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set with mechanical generator was upwards 
of 4,500,0(X) to 5,000,000 cubic feet per day 
and of a 12-foot set similarly equipped up 
to 8,000,000. 

Starting with the capacity of a water-gas 
apparatus operated with bituminous coal 
and making 540-Btu, 0.57-specific gravity 
gas as a basis, Pratt calculated that the 
capacity could be increased as follows: 

Percent 

• Increase in 

Capacity 


1. Using coke 25 

Making 610-6tu gas from coke 

and diluting 

2. With producer gas 57 

3. With blue gas 67 

4. ITsing butane in carburetter for 

enrichment with coke 60 

5. Mixing 4 with producer gas cold 

enriched with butane 148 


Attention has also been called to the Wil- 
lien-Stein process for making low-gravity 
water gas for substituting for coal gas in 
peak loads, and for inc;*easing capacity by 
enriching low-gravity gas with butane, 
but capacity figures are not given. Wil- 
lien^*® has discussed fully the methods for 
meeting peak loads under widely varying 
conditions, many of which involve use of 
blue gas or carburetted blue gas. 

Operating Results. Some operating re¬ 
sults have already been stated in the pre¬ 
vious discussions. Others may be found in 
the reports of the water-gas committees of 
the American Gas Association. Operating 
results vary according to local conditions, 
but in general it may be said that, when 
operating with ordinary gas oils and mak¬ 
ing 550-Btu gas, the quantities of materials 
required per 1,000 cubic feet of gas are as 
follows: 


Generator fuel, pounds 

26 

to 

33 

Boiler fuel, pounds 




Without exhaust steam or 




waste-heat boiler 

12 

to 

18 

Without exhaust steam but 




with waste-heat boiler 

9 

to 

14 

Using exhaust steam and 




with waste-heat boiler 

6 

to 

10 

Air, cubic feet at 60® F and 




30 inches 




With coke or anthracite 

1,400 

to 

1,800 

With bituminous coal 

1,000 

to 

1,400 

Steam, pounds 




Decomposed 

15 

to 

20 

Undecomposed 

15 

to 

25 

Total used in generator 

30 

to 

45 

Oil, gallons 

2.95 

to 

3.55 

Percent of total heat in fuel, 




oil, and steam recovered 




in heating value of the gas 

67 

to 

56 


For comparison, results which were ob¬ 
tained from 11-foot back-run sets in the 
same plant operating with ordinary gas oil 
and with Bunker C heavy fuel oil are 
shown in Table X. 

Operating results for one year of six 12- 
foot sets equipped with back-run U.G.I. 
mechanical generators and U.G.I. heavy- 
oil system show: 


Heating value of gas, Btu per 
cubic foot 

Generator fuel, pounds per 1,000 
cubic feet 
Average 

Oil, gallons per 1,000 cubic feet 
Average 

A.P.I. of generator oil 
A.P.I, of carburetter oil 
Conradson carbon 
Percent re-formed 


540 

10.9 to 20.1 
15.3 

3.7to4.7 

4,2 

12.6 to 24.7 

14.7 to 22.0 
4.2 to 11.7 

0to40 


Two years' operation of eight U.G.I. 
cone-top water-gas sets, with hand-clin- 
kered generators, 9-foot internal diameter, 
back-run, checkerless carburetters, waste- 


148 Willien, L. J., ibid., IfKIS, 22-7. iso Kellogg, R. M., Proc. Am. Gas Asioc., 1038> 

149 Battin, W. I., private communication, 192C. 707. 
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PROPOSED WATER-GAS PROCESSES 
TABLE X TABLE XI 


Comparison of Restots with Gas Oil as 
Against Bunker C Oil in the Same Plant 


Gravity of oil, Baiim6 

Gas Oil 

24.0 

Bunker 

coil 

15.3 

Generator fuel 

Coke 

Coke 

Generator fuel, pounds per 

1,000 cubic feet 

26.2 

15.8 

Oil, gallons per 1,000 cubic 

feet 

2.90 

4.18 

Steam to sets, pounds per 

1,000 cubic feet 

38.0 

30.3 

Heating value of gas, Btu 

535 

535 

Specific gravity of gas 

0.62 

0.68 

Hydrogen sulfide in crude 

gas, grains per 100 cu¬ 
bic feet 

120 

260 

Residuals, gallons: 

Tar per 1,000 cubic feet 

0.72 

0.92 

Tar per gallon of oil 

0.25 

0.23 

Drip oil per 1,000 cubic 

feet 

0.06 

0.08 

Drip oil per gallon of oil 

0.02 

0.02 

(Capacity per set per day, 

thousands of cubic feet 

4,500 

5,700 


heat boilers, and steam accumulator gave 
the data shown in Table 

In Table XII, data obtained in six plants 
on heat balance of the carburetted-blue- 
s:a.s process are given. Data of plants A, 
B, and C are from the report of the Amer¬ 
ican Gas Association Subcommittee on Test 
Code for Water Gas Plants.^®- The infor¬ 
mation on plants D and E was given by 
Harvey and for plant F by Eck.^®^ 

Proposed Water-Gas Processes 

A number of processes, some of which 
may have found use in other countries, 
have not yet been employed commercially 
in the United States. These processes uti¬ 
lize the following principles of operation: 
(1) continuous production of water gas by 

151 Eck, L. J., ibid., 1084, 938-41. 

152 Genay, T. U., ibid., 1880, 1523-0. 


Operating Data for Eight U.G.I. Carbu- 
betted-Water-Gas Sets 


Gas made, million cubic feet 

20,606 

Btu per cubic foot average 

530 

Specific gravity, average 

0.69 

Per set per day, 1,000 cubic feet 

5,847 

Coke, pounds per 1,000 cubic feet. 

average 

12.40 

Boiler fuel, pounds per 1,000 cubic 

feet, average 

5.10 

Oil, gallons per 1,000 cubic feet, 

average 

4.22 

Percent to generator 

60 

Percent to carburetter 

40 

Percent re-formed 

25 

A.P.I. gravity 

19.5 

Coke residue 

5.4 

Steam to set, pounds per 1,000 cu- 

bic feet, average 

19.5 

Operating cycle, minutes 

4.0 

Blow, percent of cycle 

33 

Blow-run 

8 

Up-run 

37 

Back-run 

20 

Air purge 

2 


heating the reaction chamber through con¬ 
ducting walls, by supplying the heat with 
gas mixed with the steam, or by the pas¬ 
sage of electric currents through the react¬ 
ing fuel; (2) continuous production of 
semi-water gas with steam and oxygen or 
oxygen-rich mixtures; and (3) gasification 
of fine-grained fuel with steam. Most of 
the processes employ combinations of these 
principles, and many of them achieve com¬ 
plete gasification. 

Continuous production of water gas in 
an externally heated reaction chamber was 
the basis of the earliest yirocesses, but, with 
lump fuel and poorly conducting refrac¬ 
tory walls, these processes were never sat¬ 
isfactory and were quickly displaced when 
intermittent heating of the fuel bed was in¬ 
troduced. Some attempts have been made 
to revive this method of operation. 



TABLE XII 

Heat Balance of Carbxjretted-Blue-Gab Process 




Bi6» 

CiM 

D118 

Eu» 

F 161 

Size of set, external diameter of gen- 

erator, ft 

11 

11 

9 

11 

11 

11 

Average depth of fuel, ft 

7.5 

10.5 

8.0 




Duration of test 

1 year 

1 month 

24 hours 



2 years 

Gas made, million cubic feet per set 

per day 

2.4 

3.6 

1.8 

4.5 

5.7 

5.8 

Btu per cubic foot 

Generator fuel 

600 

Coke and 

530 

520 

Bituminous 

535 

535 

530 


gas coal 

Coke 

coal 

Coke 

Coke 

Coke 

pounds per 1,000 cu ft 

30.6 

27.7 

28.7 

26.2 

15.8 

12.4 

Oil used, A.P.I. gravity 

32.0 

24.0 

36.0 

24.2 

15.3 

19.5 

gallons per 1,000 cu ft 

3.68 

2.98 

2.59 

2.90 

4.18 

4.22 

Steam, pounds per 1,000 cu ft 

54.0 

51.8 

17.1 

38.0 

30.3 

19.5 

Steam from waste-heat boiler. 

pounds per 1,000 cu ft 


20.5 




13.0 

Temperature of make gases leaving 

set, 

1,300 

1,100 





of blast products leaving set, ®F 


1,110 





of stack gases leaving waste-heat 

boiler, ®F .... 450 

Percent of Total Heat Input 




Input 

Generator fuel 

40.78 

39.4 

51.3 

41.8 

23.3 

19.5 

Enriching oil 

52.94 

53.1 

44.6 

52.3 

72.8 

77.8 

Steam, total heat 

6.28 

7.1 

4.1 

5.9 

3.9 

2.7 

Feed water 


0.4 






— — 

-- 

— 

— 

- _ 

— 


100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

Output 

Heating value, gas 

61.88 

64.7 

67.0 

65.8 

61.1 

63.8 

tar 

7.89 

12.3 

10.6 

13.5 

15.3 

17.0 

drip oil 

0.65 

1.1 


1.0 

1.4 

0.9 


70.48 

78.1 

77.6 

80.3 

77.8 

81.7 

Sensible heat, in gas 

3.06 

2.8 

2.0 




in tar 

0.36 

0.6 

0.3 




in drip oil 

0.02 






in dry blast products 

5.53 

1.8 

4.3 




Combustible in stack gases 

0.35 

0.4 

2.7 




Total heat in undecomposed steam 

and water vapor 

5.41 

5.8 

6.4 




Combustible in refuse 

1.30 

1.9 

2.4 




Steam in waste-heat boiler 


2.9 




1.6 

Radiation and unaccounted for 

13.55 

5.7 

4.3 





100.00 100.00 
1746 

100.00 
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PROPOSED WATER-GAS PROCESSES 


The Heller process^®® gasifies powdered 
coal with steam in large-diameter, small- 
altitude, cylindrical reaction cells heated 
from both flat sides by similar combustion 
cells. The apparatus consists of a cylin¬ 
drical shell with axis horizontal and di¬ 
vided by partitions perpendicular to the 
axis into five compartments, two reaction 
and three combustion cells, arranged alter¬ 
nately like grindstones placed against each 
other on the same horizontal axle. A pair 
of distributing flues supply preheated air 
and producer gas to each combustion cell 
through nozzles arranged side by side 
around the periphery of the cell. At the 
top the combustion cells are connected to 
a common waste-gas flue. Each reaction 
cell is provided with a fuel inlet and a 
number of steam inlets placed at intervals 
around the circumference of the cell. These 
inlets inject both the steam and powdered 
fuel tangentially. The reaction cells are 
connected to a central flue through which 
the water gas and fine ash are withdrawn 
to a cyclone dust catcher. In a week’s op¬ 
eration of a trial unit at Tegel works of 
the Berlin Gas Company, a noncaking bi¬ 
tuminous coal with 25.6 percent volatile 
matter and 12 percent ash was used. Av¬ 
erage 24-hour results were: input of 1.7 
tons of coal giving 161,000 cubic feet of 
*104-Btu-per-cubic-foot blue gas; producer 
gas used for healing, 216,000 cubic feet of 
J34 Btu i)er cubic foot; steam used, 3,3S0 
pounds; producer efficiency, 64.5 percent; 
and thermal efficiency, 61 percent. It was 
said that a commercial plant for a capacity 
of 520,000 cubic feet jier day had been de¬ 
signed. 

McAuliffe^'^^ has patented the injection 
of pulverized coal and steam into a narrow 

163 Thau, A., J. Inat. Fuel, 5. 1-20 (1931); 
Gas Engr.y 48, 316-22 (1931). Brownlie, D., 
Gaa Age-Record, 68, 220-4 (1931). 

164 McAuliffe, S. J., U. S. Pat. 1,780,759 
(1930). 


vertical retort with large flat walls heated 
to 1,500-1,600® F by flues. Herzberg^®® 
proposed injection of powdered fuel with 
steam into externally heated chambers of 
coke-oven size. Schmidt and Groh ^®® 
have discussed the use of highly conduc¬ 
tive steel tubes for the continuous produc¬ 
tion of water gas and have described the 
operation of a technical-scale apparatus 
with a capacity of 70,000 cubic feet per 
day. 

Continuous production of water gas with 
internal electrical heating has been claimed 
by Stitzer.^®^ The apparatus consists of a 
vertical retort of square cross section, di¬ 
vided at the top into inner and outer zones 
by a gas-impervious inntT retort open at 
the bottom above the heating zone. Coke 
is charged at the top into the outer zone 
and coal into the top of the inner zone. 
The heat is supplied by the electric current 
which passes horizontally across the heat¬ 
ing zone. The current is regulated to fur¬ 
nish heat to carbonize the coal in the top 
inner zone and to heat the coke in the 
heating zone to the temperature for the 
water-gas reaction. Steam introduced at 
the bottom serves to cool the coke below 
the heating zone, to form water gas with 
the coke in the heating zone, and to carry 
heat up to the coal and coke above. An 
inert gas introduced into the top of the 
inner zone carries away the distillation 
gases. The gas produced is a mixture of 
the inert gas, water gas, and the distilla¬ 
tion gases. 

Winkler^®® has patented a process to 
form water gas by electrically heating fine 
fuel with electrodes in the fuel and by 
passing steam up through the heated fuel 

165 Herzberg, F., Brit. Pat. 367,363 (1930). 

166 Schmidt, R., and Groh, F., Braunkohlen- 
arch.. No. 44, 50-8 (1936) ; Oel Kohle Erdoel 
Teer, 12. 41-51 (1936). 

i57Stitzer, R. B., U. S. Pat. 2,093,493 (1937). 

168 Winkler, P., U. S. Pat. 1,867,799 (1982). 
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at a speed which gives a ^^boiling^^ motion 
to the fuel. Hole^®® has described the 
production of water gas by passing steam 
up through a vertical retort heated elec¬ 
trically with electrodes at top and bottom. 
A process has been claimed^®® in which 
coke activated with potassium hydroxide 
or iron oxides is heated electrically to 
1 ,000® C to avoid clinker formation. 

Heating with recirculated gases in the 
continuous production of water gas is the 
basis of the Pintsch-Hillebrand and the 
Koppers processes. In the Pintsch-Hille¬ 
brand process recirculated water gas 
and distillation gases with steam (satura¬ 
tion temperature 60 to 74® C) are pre¬ 
heated to 1,280® C in checkerbrick regen¬ 
erators. The heated mixture then passes 
through coked fuel where water gas is 
formed and the temperature is reduced to 
700 or 750® C. Part of the gas at this 
point is drawn off through a washer and 
saturator, after which a portion is removed 
as product and the rest led back to the 
recirculation mixture for reheating. The 
other part of the watbr gas mixture from 
the reaction chamber passes on up through 
the fresh fuel where it chars the fuel, re¬ 
moves the distillation gases, and is cooled 
to about 400® C. This mixture of water 
gas and distillation gases is detarred in an 
electrical precipitator and combined with 
the recirculated portion of water gas and 
steam which are then forced by a blower 
through the regenerator to be preheated 
for the next cycle. A portion of the hot 
mixture may be used as fuel for heating 
the alternate regenerators in which it is 
burned with air. In a later develop- 

159 Hole, I., Oaa Industry, 52, 446 (1935); 
Am. Qaa J., 148, 122 (1935). 

160 Non-PoisonouB Gas Holding Co., Ltd., Brit. 
Pat. 457.181 (1935). 

161 Stief, F., Gas- u. Waaaerfach, 75, 681-0 
(1932). 


ment producer gas is used to heat the 
regenerators. The process requires fuel of 
high activity. It has been used at the 
Hamburg Gas Works in Germany. 

The Koppers process also uses heating 
with recirculated gases. The heat-carrying 
gases, consisting of a mixture of steam, wa¬ 
ter gas, and distillation gases, are heated in 
a chamber which contains refractory grid- 
work and which is alternately heated by 
combustion of fuel gases.The steam is 
furnished by evaporation of the moisture 
content of the fresh fuel, which also serves 
to cool the gases leaving the fuel below 
250® C so that they may be mechanically 
accelerated on their way to the heating 
stage.In the heating step, the hydro¬ 
carbons of the distillation gases react with 
steam to form water gas.’®*'^ The heated 
mixture of gases is then introduced into the 
lower part of the generator and passes up 
through the coked fuel where water gas is 
formed. Part of the water gas is with¬ 
drawn from the central portion, and the 
rest passes on up through the fresh fuel 
(brown coal, lignite, etc.), causing distilla¬ 
tion, and then is recirculated to the heat¬ 
ing stage.^®® Temperatures are regulated 
so that the gases withdrawn at the top of 
the water-gas stage are a predetermined 
mixture of hydrogen, carbon dioxide, and 
monoxide. 

Continuous gasification with steam and 
oxygen has been discussed to some extent 
in the section on producer gas (pages 
1629-35). Of some additional interest is the 
plant built in 1936 to furnish city gas to 
Zittau in Germany. This plant with ca- 

162 stief, P., ibid., 83, 1-6 (1940). 

163 Ramsey, A. R. J., Brit. Pat. 476,879 
(1036). 

164 Koppers, H., U. S. Pats. 2,148,298-9 
(1939). 

i65Radtke, M., U. S. Pat. 2,176,613 (1939). 

166 Koppers, H., U. S. Pat. 2,137,723 (1938). 
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pacity of about 350,000 cubic feet per day 
operated under a pressure of 300 pounds 
per square inch and used a mixture of 
oxygen and steam superheated to about 
900® F. The fuel was brown coal. About 
62 pounds of steam and 150 cubic feet of 
oxygen were required per 1,000 cubic feet 
of finished gas. The raw gas contained 
30.2 percent carbon dioxide, 16.5 percent 
carbon monoxide, 34.0 percent hydrogen, 
and 16.3 percent methane. Scrubbing un¬ 
der pressure removed most of the carbon 
dioxide, giving a gas with 3.0 percent car- 
bon dioxide, 22.8 percent carbon monoxide, 
48.7 percent hydrogen, 22.6 percent meth¬ 
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ane, and about 480 Btu per cubic foot.^®^ 
Developments in continuous production 
of water gas from powdered fuel have 
largely followed the work of Winkler.^** 
The principle underlying the process is agi¬ 
tation of the fine-grained fuel by means of 
the gasifying medium—an agitation which 
resembles boiling in liquid. For produc¬ 
tion of water gas a mixture of oxygen with 
steam is used, and, as indicated in the sec¬ 
tion of gas producers, the apparatus may 
work under considerable pressure. 

187 SMden, R., Ind. Eng. Chem., Newt Ed., 16, 
535 (1938) ; Gas Age-Record, 82, 18 (1938). 

H. 0., Proc. Srd Intern. Conf. Bitu- 
minoua Cool, 1, 874-81 (1981). 
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HYDROGENATION OF COAL AND TAR ^ 

H. H. Storch 

Principal Phyaical Chemiatj Central Experiment Station^ Bureau of Mines, Pittsburgh, Pennsylvania 


Introduction and Summary of 
Industrial Development 

The important chemical differences be¬ 
tween coal and petroleum are the higher 
hydrogen and much lower oxygen and ni¬ 
trogen content of petroleum. Processes 
that increase the hydrogen content of coal 
appreciably usually remove most of the 
oxygen and nitrogen. In 1869 Berthelot 
showed^ that treatment of coal with 100 
parts of hydriodic acid at 270* C for 24 
hours yielded 60 percent (of the weight of 
coal used) of oil and 30 percent of a bitu¬ 
menlike residue. The oil contained aro¬ 
matic and naphthenic hydrocarbons. Simi¬ 
lar results were obtained by Berthelot with 
dried wood and partly carbonized wood, 
but coke and graphite were not attacked 
by the hydriodic acid. The experiments of 
Berthelot were extended by Fischer and 
Tropsch,2 who investigated the hydrogena¬ 
tion of coals of different geologic ages with 
the aid of hydriodic acid and phosphorus. 
These experiments, as well as those re¬ 
ported by Fischer,® in which sodium for- 

• Published by permission of the Director, 
Bureau of Mines, U. S. Department of the In¬ 
terior. 

1 Berthelot, P. E. M., Bull. soo. chitn., (2), 

11, 278-86 (1869) ; Ann. chim. phya., (4), 20, 
520-34 (1870). 

2 Fischer, F., and Tropsch, H., Oea. Abhandl. 
Kenntnia Kohle, 2, 154r-9 (1918). 

8 Fischer, F., The Conversion of Coal into 
Oils, Ernest Benn, London, 1925, 277 pp. 
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mate was used, showed that the degree of 
liquefaction increased with decrease in rank. 

In 1913, Bergius compared the action of 
hydrogen under pressure on coal with that 
on his synthetic coal produced by heating 
cellulose in an autoclave with water to 
340® C at pressures of about 100 atmos¬ 
pheres.^ In 1914, Bergius patented ® the 
hydrogenation of coal and other solid car¬ 
bonaceous material of vegetable origin by 
the use of hydrogen under pressure at tem¬ 
peratures between 300 and 500° C. The 
Bergin Aktien-Gesellschaft fiir Kohle und 
Erdol-Chemie was formed in 1914 to in¬ 
vestigate the process on a commercial scale. 
Owing to the war little progress was made 
until 1921, but by the end of 1922 a plant 
whose capacity was 1 ton of coal per day 
was in operation. It contained three reac¬ 
tion vessels connected in series, and was 
heated by gas-fired lead baths. In many 
respects, this plant was similar to that de¬ 
signed by Bergius for the destructive hy¬ 
drogenation of oils and tars.® Bergius’s 
plant consisted of a reaction chamber of 4- 
cubic-meter capacity and of double-walled 
construction so that hot compressed nitro- 

4 Bergius, F., J. Qaabeleucht., 54, 748-9 
(1912). 

5 Bergius, F., and Billwiller, J., Ger. Pat. 
301,231 (1013) ; Brit. Appl. 18,232 (1914). 

6 Bergius, F., Z. angew. Chem. 34, 341-47 
(1921), 36. 626-27 (1922). Ger. Pats. 304,348 
(1913), 303,893 (1914). 
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gen could be circulated through the jacket 
space. This mode of heating avoids hy¬ 
drogen embrittlement of the pressure re¬ 
taining wall. A pressure of about 100 at¬ 
mospheres of hydrogen was used. Bergini- 
zation of brown-coal producer tar in this 
apparatus at 400® C yielded ® 25 percent 
(weight) of gasoline boiling in the range 
75 to 210® C and 40 percent of middle oil 
boiling from 210 to 300° C. The residue 
was a pitch of 1.04 specific gravity and 
15° C solidification point. 

Bergius's procedure in coal hydrogena¬ 
tion was to mix the powdered coiil with 
about an equal quantity of a heavy recycle 
oil produced in a previous hydrogenation 
and several percent of a titaniferous iron 
ore (“Luxmasse”). The temperature was 
about 480° C, and the pressure of hydro¬ 
gen was 200 atmospheres. In 1925-6 Ber- 
gius ^ gave the yields of oil and solid resi¬ 
due obtained in about 120 laboratory 2-liter 
bomb tests on various coals. Only the 
proximate analyses of the coals were given, 
and it cannot be said that there was any 
real connection between the volatile matter 
and the oil or residue yield beyond the 
statement that those coals most easily con¬ 
verted had a volatile matter of over 40 
percent. These i)ai)ers ^ also described the 
large-scale continuous plant and indicated 
the yields and dilliculties involved. The 
coal-oil paste plus about 5 percent of iron 
oxide and hydrogen were jiumped into the 
first converter, which consisted of a hori¬ 
zontal steel cylinder closed at both ends by 
special joints and heated by gas through a 
lead-filled jacket. Three converters con¬ 
nected in series were used; each converter 
was equipped with a paddle stirrer. The 
contact time was about 2 hours. The yield 

7 BergiuH, F., Z. Ver. deut. Ing., «0, 1313-20, 
1.3.‘)»-02 (1925) ; Proc. Ist Intern. Conf. Bitu¬ 
minous Coal, 1, 102-28 (1920) ; Can. Chem. Met., 
10. 275-9 (1920) ; Petrolvum Z., 22 , 1275-85 
(1920). 


of oil was 40 to 45 percent, of residue 35 
percent, and of gas 20 percent of the dry, 
ash-free coals. The products obtained in 
coal hydrogenation by the original Bergius 
process were of poor quality, high in oxy¬ 
gen, nitrogen, and sulfur compounds, and 
consisted chiefly of the less volatile high- 
molecular-weight hydrocarbons. Unfortu¬ 
nately no considerable increase in the yield 
of low-boiling hydrocarbons was brought 
about either by a change in working condi¬ 
tions or by hydrogenation of the liquefac¬ 
tion products. This is due to the fact that 
in the Bergius coal-hydrogenation process 
the hydrogenation velocity is too low to 
avoid polymerization of the primary prod¬ 
ucts of the thermal dissociation of the coal. 
Even the highest applied hydrogen pres¬ 
sures proved insufficient except in the pres¬ 
ence of suitable catalysts.® 

The I. G. Farbenindustrie A.-G. suc¬ 
ceeded in finding catalysts that greatly 
increased the velocity of the coal-hydro- 
genation reactions and started the develop¬ 
ment of coal hydrogenation in large-scale 
units in Germany in 1926. Ten years later 
300,000 tons per year of motor fuel was 
being produced by the hydrogenation of 
brown coal and coal tar at the Leuna 
plant of the I. G. Farbenindustrie A.-G.; 
100,000 tons per year from the hydrogena¬ 
tion of bituminous coal by the Ilydrier- 
werke Scholven A.-G. at Gelsenkirchen in 
the Ruhr,^” and 150,(XK) to 170,000 tons 
per year each from the hydrogenation of 
brown-coal tar by two plants ojierated by 
Braunkohle-Benzin A.-G., Brabag, one at 
Bohlen near Leipzig and the other at Mag¬ 
deburg.^® For 1938, German production 
of motor fuel from coal and coal tar by 

8 Grimm, II. G., Proc. Srd Intern. Conf. Bi¬ 
tuminous Coal, 2, 49-65 (1931). 

9 Pier, M., a^nie civil, 108, 393-6 (3936), 
109, 7-11 (1936). 

10 Anon., 0ns World, 104, 421 (1930) ; Z. 
osterr. Ver. Gas- u. Wasserfach., 70, 73 (1936). 
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hydrogenation was reported to have been 
about 1,500,000 tons.^^ 

In Great Britain the Imperial Chemical 
Industries, Ltd., constructed a coal-hydro- 
genation plant at Billingham in England. 
This plant began operations in 1935 and has 
been producing about 150,000 tons of mo¬ 
tor fuel per year from bituminous coal and 
coal tar by hydrogenation.^^ Experimental 
coal-hydrogenation plants have been in 
operation in England,^® Japan,France,^® 
Canada,^® and the United States.^^ 

Coal-hydrogenation plants and proce¬ 
dures have been described in several pub¬ 
lications,^®* 2® but comparatively few 
important technical details have been dis¬ 
closed. 

Modern coal-hydrogenation processes, il¬ 
lustrated by the flow diagrams of Figs. 1 
and 2, may be described briefly as follows. 
A mixture of about equal parts of pow¬ 
dered coal and heavy oil containing usually 
less than 0.1 percent of a catalyst such as 
iodine or stannous oxalate is pumped along 
with hydrogen at a pressure of 250 to 700 

11 Anon., Petrol. IHmvs, 42, 041 (1939). 

12 Gordon, K., Oa« J., 212. 722-6 (1935); 
Colliery Ouardian, 1J51, 985-8 (1935). Anon., 
Ind. Eng. Chem., News Ed., 17, 438 (1939). 

18 Booth, N., Williams, F. A., and King, J. G.. 
J. Inst. Fuel, 11, 42-9 (1937) ; Dept. 8ci. Ind 
Research {Brit.), Fuel Research Board, Tech. 
Paper 44 (1938), 27 pp. 

14 Leopold, n., Ind. Eng. Chem., News Ed., 15. 
382 (1937). 

ir»VallettP, F., M6m. soc. ing. civils France, 
00, 740-5 (1937). 

la Warron, T, E., and Bowles, K. W., Can. 
Dept. Mines and Resources, Bur. Mines Rept. 
708 (1940), 106 pp. 

17 Siorcli, II. n., Hirst, L. L., Fisher, C. H., 
and Sprunk, (L C., 17. 8. Bur. Mines, Tech. 
Paper 022 (1941), 110 pp. 

18 King, J. G., Science of Petroleum, Oxford 
University Press, London, Vol. 3, pp. 2149-62, 
1938. 

19 Gordon, K., Trans. Inst. Mining Eng. {Lon¬ 
don), 82. 348-59 (1931) ; Proc. World Petro¬ 
leum Congr. London, 2, 317-21 (1983) ; J. Inst. 
Fuel, 0. 69-84 (1936). 

20 Gordon, K., and Pier, M., Chemistry A In- 
dustry, 1035, 284-8. 


atmospheres through a preheater into the 
bottom of the liquid-phase converter. The 
term liquid phase is somewhat incorrect, 
for a considerable quantity of the hydro¬ 
genated coal vaporizes in the stream of 
hydrogen. It is used to differentiate the 
procedure from that of the vapor-phase 
stage, in which a fixed catalyst is used and 
practically all the (liquid) raw material is 
vaporized in a stream of hydrogen passing 
through the catalyst bed. The tempera¬ 
ture may be raised to the liquid-phase 
working level of 400 to 480® C in the pre¬ 
heater, or additional heat may be supplied 
to the liquid-phase converters. Three con¬ 
verters are shown in Fig. 2 for the liquid 
phase. An industrial-size converter, about 
4 feet inside diameter by 40 feet high, is 
illustrated by Fig. 3. The vaporized coal- 
hydrogenation products are carried by the 
excess hydrogen and the gaseous hydrocar¬ 
bons formed in the reaction into a con¬ 
denser, and subsequently the liquid prod¬ 
uct is separated from the gases in a con¬ 
densate trap. The gases are scrubbed with 
oil under pressure to remove most of the 
hydrocarbons, and the resulting hydrogen 
is returned to the process. 

The coal ash and unreacted coal parti¬ 
cles are discharged suspended in a heavy 
oil consisting of hydrogenated coal that has 
not yet been sufficiently reduced in molec¬ 
ular weight to vaporize in the gas stream. 
The ratio of condensate to heavy oil is ad¬ 
justed so that enough heavy oil will bo 
recycled to be mixed with a fresh charge 
of coal. This ratio is controlled largely by 
regulation of the reaction temperature and 
the rate of coal-oil paste pumping, which 
is usually such as to give a contact time of 
about 2 hours based on the entire through¬ 
put. Obviously the vaporized hydrogena¬ 
tion products have a contact time much 
shorter than 2 hours, whereas the products 
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appearing as heavy oils have a consider¬ 
ably longer contact time. 

The crude condensate from the liquid 
phase is distilled and separated into three 
fractions, gasoline boiling up to 200" C, 
middle oil 200 to 300* C, and heavy oil 
boiling above 300'' C. The heavy-oil slurry, 
or sludge, usually is centrifuged, and the 
wet solids are carbonized to recover heavy 
oil and a dry, solid residue. The heavy 
oil is recycled with the oil boiling above 


300" C from the liquid phase, to be used 
in making a paste with powdered coal. 

In the vapor-phase plant the liquid- 
phase middle-oil product boiling at 200 to 
300" C is vaporized in a stream of 10 to 
20 times its vapor volume of hydrogen^ the 
mixture is preheated to 480 to 510* C (400 
to 460" C for the more active catalysts), 
and passed through a bed of catalyst ma¬ 
terial. The pressure is in the range 250 to 
700 atmospheres, and the catalyst usually 
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- PETROL TREATMENT 

Fig. 2. Flow and line diagrams illustrating the liquid-phase and vapor-phase systems.'* 
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Fig S. An Industrial size coal hydrogenation converter. 


contains 10 to 30 percent of molybdenum 
or tungsten sulfide and 70 to 90 percent of 
alumina, activated clay, or iron sulfide. 
The vapors leaving the converter are con¬ 
densed, the oils passing to a distillation 
plant at atmospheric pressure, and the re¬ 
sidual gas and surplus hydrogen to a gas¬ 
washing plant for hydrogen recovery. The 


throughput in the vapor phase is 1 to 2 
volumes of liquid oil per volume of catalyst 
per hour. The liquid product is freed from 
water and distilled to give crude gasoline 
boiling to 200" C and an oil boiling above 
200" C. The oil is recycled to the vapor- 
phase preheater. 

A coal-hydrogenation plant of industrial 
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size IS divided into a number of isolated coal for the production of about 75,000 
umts or ^^stalls,” in which the converters, cubic feet of hydrogen and for all power 
heat exchangers, and preheaters are ar- and steam requirements The overall ther- 
ranged in one line on heavily piled founda- mal efficiency of the ooal-hydrogenation 



tions In each stall the converters, heat 
exchangers, and mterconnectmg piping, 
which are at high temperatures, are sepa¬ 
rated from the rest of the plant by the 
brick or concrete wall of the stall, which 
acts as a screen in the event of fire The 
general arrangement of each stall may be 
seen in Figs 4 and 5 
About 4 5 tons of coal is necessary to 
produce 1 ton of gasoline, this includes 


process for gasoline production is about 42 
percent 

Important Physical-Chemical Factors 
IN Coal Hydrogenation 

Two excellent detailed reviews of the lit¬ 
erature on the hydrogenation of coal and 
tar appeared in 1981 The important 

Skinner, D G, 10, 109-37 (1981) 

Zerbe, C, Chem Ztg , 66, 4, 18, 38, 94, 114, 186, 
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Fi<t 5 A top view of a coal hydrogenation stall. 


contributions made from 1931 to 1938 
have been summarized briefly by Field- 
ner.2i Two books by Berthelot and Hot 
provide a comprehensive survey of the field 
of synthetic and substitute motor fuels, in¬ 
cluding coal hydrogenation and the syn¬ 
thesis of gasoline from purified water gas. 
The purpose of the present review is 
to present a critical discussion of the 
important physical and chemical factors 
involved in the liquefaction of coal by 
hydrogenation. 

RANK AND TYPE OF COAL 

The reactivity of coals to hydrogenation 
IS, ajiproximately, inversely proportional 

162 (lO.'ll) Fielduer, A C, Minerals Yearbook, 
U 8 Bur. Mines, 1933, 433, 1934, C27, 1935, 
691, 1930, 625, 1937, 935, U. 8. Bur. Mines, 
T((h Paper CIS (1040), 66-76 Berthelot, C, 
Hiul Hot, A Carburants dt synthtse et de rem- 
Ptatement, Dunod, Pans, 1936, 350 pp ; Tech¬ 
nique et 6conomie nouvelles des carburants de 
eynthhse, Dunod, Paris, 1937, 369 pp 


to their carbon content. In laboratory in¬ 
vestigations using small bombs at 450*" C 
about 100 atmospheres initial (cold) pres¬ 
sure of hydrogen, 2 hours at reaction tem¬ 
perature, and a number of British coals of 
different rank, the yield of distillable oils 
(boiling below 360® C at atmospheric pres¬ 
sure) was found to show an approximate 
linear relation to the carbon content of the 
coal .22 More recent work on a large num¬ 
ber of samples of the mechanically separa¬ 
ble constituents of banded American coals, 
namely, anthraxylon (vitrain), spores, res¬ 
ins, fusains, attrital matter containing pre¬ 
ponderant amounts of “opaque’^ attritus, 
and translucent attritus has been done un¬ 
der conditions similar to those under which 
work was done on the British coals.2® The 

22 Dept 8ci. Ind. Research, {Brit.) Fuel Re¬ 
search Board, Rept. for Year Ended March SI, 
JbS6, pp 152-60. 

28 Fisher, C. H, Sprunk, G. C., Eisner, A., 
Clarke, L, and Storch, H. H., Ind. Eng. Chem., 
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results show that those constituents of low- 
or intermediate-rank coals that are trans¬ 
lucent in thin sections under the micro¬ 
scope are liquefied completely, that is, with 
little or no organic residue. The opaque 
constituents, namely, fusain and opaque 
attritus, contain, respectively, about 75 to 
95 percent and 20 to 60 percent of materi¬ 
als resistant to hydrogenation. It is to be 
hoped that some fairly quantitative meas¬ 
ure of the degree of opacity of "opaque^’ 
attrital matter and fusain will be devel¬ 
oped; otherwise the petrography of a coal 
is at best only a semiquantitative index of 
its amenability to liquefaction by hydro¬ 
genation. 

The coal constituents that are translu¬ 
cent in thin sections (5 to 10 microns 
thick) and that include spores, resins, oil 
algae, woody debris, and anthraxylon, usu¬ 
ally contain less than 91 percent carbon 
and comprise the greater part of bitumi¬ 
nous and lower-rank coals. The translu- 
cency of coal diminishes rapidly with in¬ 
crease in carbon content. All the constitu¬ 
ents in coals containing more than about 
91 percent carbon are so opaque that it is 
difficult to make sections thin enough to 
transmit light. 

The products obtained by the hydro¬ 
genation of spores, resins, and oil algae are 
oils of low density that contain a high pro¬ 
portion of saturated hydrocarbons. Prod¬ 
ucts obtained by the hydrogenation of 
anthraxylon, the principal constituent of 
most coals, apparently contain higher per¬ 
centages of phenols and aromatic hydro¬ 
carbons. 

81, 190-5, 1155-61 (1939); Fuel, 18, 132-41, 
196-203 (1939), 18, 132-8, 162-72 (1940). 

Wright, C. C., and Sprunk, G. C., Penna. State 
Coll., Mineral Ind. Bwp. Sta. Bulla. 26 (1939), 
32 pp., 28 (1939), 23 pp. Fisher, C. H., Sprunk, 
G. C., Eisner, A., O'Donnell, H. J., Clarke, L., 
and Storch, H. H., U. 8. Bur. Minea, Tech. 
Paper 042 (1942), 162 pp. 


The opaque coal constituents, which usu¬ 
ally have carbon contents higher than 90 
percent, are difficult t^ liquefy. Probably 
the opacity and difficulty of liquefaction 
of the opaque matter are directly propor¬ 
tional to its carbon content. Although the 
content of opaque constituents varies con¬ 
siderably and is high in some splint and 
cannel coals, the proportion of inert opaque 
matter in most coals in low. The lique¬ 
faction yield obtained by hydrogenation of 
materials high in opaque attritus varies 
over a wide range. Borderline material 
that is only slightly opaque but is never¬ 
theless classified as opaque attritus by mi¬ 
croscopic examination gives a liquefaction 
yield as high as 85 percent, whereas a 
yield as low as 40 percent is obtained 
from opaque attritus of a high degree of 
opacity. 

The coal constituent that usually has the 
highest degree of opacity and the highest 
carbon content is fusain. This constituent, 
which resembles charcoal in appearance, is 
a mixture of a very opaque material 
(called ^‘fusinite’^ by Seyler^^) and 10 to 
30 percent of translucent material. The 
fusinite is almost completely inert to hy¬ 
drogenation, whereas the translucent ma¬ 
terial is partly, sometimes almost com¬ 
pletely, liquefied by hydrogenation. The 
liquefaction yield obtained by hydrogena¬ 
tion of fusain depends primarily on the 
amount and nature of the translucent frac¬ 
tion and is usually between 5 and 25 per¬ 
cent. 

Bright coals are relatively homogeneous 
mixtures of anthraxylon and translucent 
attritus, with usually less than 10 percent 
of total opaque matter. The above results, 
obtained by hydrogenation of the impor¬ 
tant mechanically separable coal constitu- 

24 Beyler, C. A., Proc. 8. Walea Inat. Engra., 
83, 254-327, 366-407 (1938) ; Colliery Guardian, 
155, 99(^-4, 1046-8, 1087-9, 1137-9 (1987). 
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ents, indicate that the behavior of bright 
coals upon hydrogenation should be di¬ 
rectly proportional to their carbon content. 
For coals containing less than about 90 
percent of carbon this expectation is found 
to be correct.^® 

Splint and cannel coals are highly het¬ 
erogeneous, and hence the carbon content 
is only an average value that does not 
truly characterize the whole coal so far as 
chemical reactivity is concerned. Splint 
coals may be considered to be mixtures of 
constituents that, as judged by carbon 
content and opacity, differ enormously in 
rank. Splint coals generally give a poor 
liquefaction yield, and such yield is not 
simply related to the carbon content, as is 
true for bright coals. 

Petrographic analysis is a desirable, al¬ 
though only semiquantitative, tool for the 
prediction of liquefaction yield upon hydro¬ 
genation, A very poor liquefaction yield 
predicted on the basis of petrographic 
analysis is, in general, reason enough for 
rejection of a coal as undesirable raw ma¬ 
terial for hydrogenation. A good predic¬ 
tion based on petrographic analysis or on 
high yield in small bomb tests does not 
exclude the possibility of severe engineer¬ 
ing difficulties in continuous plant opera¬ 
tion with a particular coal due to a num¬ 
ber of factors that do not affect the oper¬ 
ation of a small bomb but are of critical 
importance in continuous operation. Per¬ 
haps the most important of these critical 
variables is the optimum temperature 
range for the primary liquefaction of the 
coal. If this range is too narrow, the con¬ 
tinuous plant may give markedly inferior 
results, because temperature control is not 
so precise as in the bomb tests. Another 
factor that makes it difficult to translate 
small bomb tests into the terms of a con¬ 
tinuous plant is the viscosity of the coal- 
oil paste at pumping temperature and at 


reaction temperature. A very marked spec¬ 
ificity is attached to the peptization of 
the coal by the oil vehicle that carries it 
in suspension, and this determines the ease 
of paste pumping into the converter and 
the mechanical behavior (frothing, etc.) of 
the mixture of hydrogen and paste inside 
the converter. 

Work done in the Bureau of Mines ex¬ 
perimental plant on nine coals varying in 
rank from high-volatile bituminous to lig¬ 
nite showed fair agreement between petro¬ 
graphic estimates of organic residue yield 
and that obtained in continuous opera¬ 
tion.^^ These data are given in Table I. 
The eighth and ninth columns show the 
organic residue yield predicted and meas¬ 
ured, respectively. The last column shows 
that, except for the Mary Lee coal, there 
is a steady decrease, with decreasing rank, 
in the yield of oil per ton of coal as mined. 
The eleventh column shows that this de¬ 
crease in oil yield with rank is much more 
gradual when it is calculated on a moisture- 
and ash-free basis. 

PRETREATMENT OP COAL FOR HYDROGEN-. 

ATION 

In addition to the mechanical processes 
for crushing, washing, and grinding of coal 
before hydrogenation, the most important 
of the pretreatment processes concerns the 
neutralization of the basic constituents of 
the mineral matter in the coal. Hydro¬ 
chloric, sulfuric, nitric, acetic, naphthalene 
sulfonic, formic, phosphoric, and other 
acids and acid salts are recommended by 
the patent literature as desirable additions 
to both bituminous and brown coals be¬ 
fore hydrogenation.25 It is interesting to 

25 International Hydrogenation Patents Co., 
Ltd., Brit. Pats. 407.227. 408,002>-4, 408,25S 
(1934), 422,892, 428,749 (1935) ; Fr. Pats. 780,- 
077, 780,826 (1936). I. G. Parbenindustrie 
A.-G., Brit. Pat. 482,489 (1985). 
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TABLE I 

Bureau of Mines Experimental Plant Assays 
(Percentages are by weight) 

1 2 3 4 6 6 


Coal 

No. State County Mine Seam Rank 

1 Alabama Jefferson Sayreton Mary liOe Bit. H.V.A 

2 Pennsylvania Allegheny Bruceton Pittsburgh Bit. H.V.A 

3 Illinois Franklin Orient No. 2 Illinois No. 6 Bit. H.V.B 

4 Washington King Strain—Up- McKay Bit.H.V.C. 

per Diamond 

5 Colorado Weld Puritan Unnamed Subbit. B. 

6 Montana Rosebud Colstrip Rosebud Subbit. B. 

7 Wyoming Sheridan Monarch Monarch Subbit. B 

No. 46 

8 North Dakota Mercer Beulah, Unnamed ligmte 

N. Dak. 

9 North Dakota Ward Velva, Unnamed IJgnite 

N. Dak. 

observe that except for about one year (in sulfur compounds has also been recom- 

1934-5) the subject of treatment of coal mended as pretreatment for hydrogena- 

with acids before hydrogenation has not tion.-® Possibly sulfur impregnation is of 

appeared in the patent literature. A Rus- value because of the catalytic activity of 

sian worker claimed that such additions of this element (see section on catalysts, pages 

acids are harmful in hydrogenation of 1703-72). 

Ukrainian lignites.^® It seems probable, in The heating of coal to 3(X) to 4(X)® C in 
view of the rather short-lived interest in an inert atmosphere before hydrogenation 

acid treatment, that a great many coals serves to eliminate a considerable fraction 

were soon found that did not react favor- of the oxygen as carbon dioxide and there- 

ably in subsequent hydrogenation after by raises the '^available'^ hydrogen content 

additions of acid. of the coal. This procedure is particularly 

One patent has claimed that partial oxi- valuable for lignitic coals and peat where 

dation of coal by air at 120 to 350“ C is as much as 90 percent of the total oxygen 

a beneficial preliminary treatment.^^ An- iti the dry coal can be eliminated as carbon 

other patent advised oxidation by nitric dioxide.®® The same objective is reached 

oxide as desirable pretreatment for coals by treatment with aqueous caustic at 300 

containing more than 84 percent carbon on 'to 350“ C.®^ 

a moisture- and ash-free basis.^® Impreg- 29 international Hydrogenation Patents Co., 
nation of the coal with sulfur or organic Ltd., Brit. Pat. 459,208 (1937). 

80 Warren, T. E., Bowles, K. W., and Gilmore, 
26Makh, G. M., J. Applied Chem. iU.8.8,R.), R. B., Fuel, 10, 72-6 (1940). International 
12, 457-67 (1939). Hydrogenation Patents Co., Ltd., Fr. Pats. 792,- 

27 Standard Oil Develdpment Co., Fr. Pat. 591, 793,*834 (1936). Standard I. G. Co., U. S. 

703,731 (1930). Pat. 2,106,973 (1938). 

28 International Hydrogenation Patents Co., 8i Kasehagen, L., Ind. Eng. Chem., 20, 600-4 

Ltd., Brit. Pat. 484,132 (1938). (1937). 
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IMPORTANCE OF VEHICLE, 

NATURE OP SOLVENT OR VEHICLE 

Laboratory studies on the extraction of 
coal by various solvents indicate that de¬ 
polymerization, followed by colloidal solu¬ 
tion, occurs when an appreciable fraction 
of the coal is dissolved by solvents such as 
tetrahydronaphthalene or coal-tar frac¬ 
tions; and that organic liquids of high 
boiling point, medium dipole moment, and 
medium dielectric constant are the best 
sol vents. 

Kiebler®^ has reported that the yields 
of extracts from a Pittsburgh Seam coal 
with 44 organic solvents can be very well 
correlated with the internal pressures of 
these solvents. 

Most of the experiments on solvent 
extraction of coal under conditions com¬ 
parable with those in coal-hydrogenation 
practice indicate that solution of the coal 
constituents, except ash, fusain, and some 
attrital matter, is rapid and complete.®® 
In all these experiments, however, it is 
probable that, despite the absence of added 
catalysts and hydrogen gas, some hydro¬ 
genation occurred by transfer of hydrogen 
atoms from the solvent to the solute. 

The data of Pott and Broche showed 
that an optimum maximum temperature of 
extraction existed for each of the coals in¬ 
vestigated. At temperatures higher than 

32 iwpt. Sci. Ind. Research {Brit.), Fuel Be- 

svareh Hoard, Rept. Jor Year Ended March SI, 
li)35, pp. AgUe, G., and Hubertus, R., 

liruunkohlenurrh.. No. Mi, 3-30 (1930). Asbury, 
K. S.. Jnd. Eng. Chem., 3S, 087-90 (1936). 
(iillel, A. BrennstofJ-Vhem., 17, 421-9 (1936). 
Pishor, (\ H,. and Eisuor, A., Ind. Eng. Chem., 
29. 939-45 (1937). See also (’hapter 19. 

33 Kiebler, M. W., Jr., 7wd. Eng. Chem., 32, 
1389-94 (1940). 

34 Boomer, E. II., Saddington, A. W., and Ed¬ 
wards. J., Can. J. Research, 12, 825-39 (1935), 
13B, 11-27, 331-6 (1935). 

35 Pott, A., Broebe, H., Nedelmann, H., 
Selim it!!, n., and Sebeer, W., Olilckauf, 69, 903— 
12 (1933) ; Fuel, 13, 91-5, 125-8, 154-7 (1934). 
Pott, A., and Broebe, H., Brit. Pat. 293,808 
(1927) ; Pr. Pat. 841,201 (1939). 


AGITATION, AND CATALYST 

this optimum, reprecipitation of polymers 
occurred. The optimum temperature for 
most bituminous and brown coals was be¬ 
tween 390 and 410® C when equal parts of 
coal and solvent (tetrahydronaphthalene : 
phenol: naphthalene = 2:1:2) were used. 
The product of this extraction resembled a 
primary coal tar. A procedure similar to 
that followed by Pott and Broche was pat¬ 
ented in 1933 by Rose and Hill.®® The 
use of the distillation residue from filtered 
Pott-Broche extract directly as a motor 
fuel or as raw material for coal hydrogen¬ 
ation has been the subject of many pat¬ 
ents.®^ 

IMPORTANCE OF VEHICLE, AGITATION, AND 
CATALYST 

One would expect that, in a heterogene¬ 
ous reaction such as that between coal-oil 
paste and hydrogen, agitation would be of 
paramount importance. Unfortunately, 
the evidence on this point is both meager 
and confusing. In experiments at the Bu¬ 
reau of Mines coal-hydrogenation plant®® 
and in those of the British Fuel Research 

36RoRe, H. J., and Hill, W. H., U. S. Pats. 
1,916,.330, 1,925,025 (1933). 

37 Pott, A., and Broche, H., Brit. Pat. 293,808 

(1927) ; Ger. Pats. 632,631, 633,693 (1936), 
66;M97 (1938) ; U. S. Pats. 2,123,380 (19:^8). 
2,147,753 (1939). Uhde, F., Fr. Pat. 800,920 
(1936) ; Brit. Pat. 489,664 (1938). Gewerk- 
schaft Mathias Stinnes, Fr. Pats. 797,264-5 
(1936) ; Brit. Pats. 464,337 (1936), 400,383, 
462,478, 464,337 (1937), 480,214, 480,644 

(1938), 505,729 (1939). I. G. Farbenindiistrie 
A.-G., Fr. Pats. 813,251 (1937), 824,744 (1938) ; 
Brit. Pats. 466,336 (1937), 481,108, 493,307, 
493,508, 494,834 (1938) ; Ger. Pat. 663,542 

(1938). International Hydrogenation Patents 
Co., Ltd., Brit. Pats. 470,072 (1937), 491,543 
(1938) ; Fr. Pats. 823,961, 827,600, 831,385 
(1938), 840,763 (1939). Pott, A., U. S. Pat. 
2,141,615 (1938). Pfirrmaiin, T. W., U. S. Pat. 
2,167,250 (1939). Cf. also Gillet, A. C., Bev. 
universelle mines, 14, 653-5 (1938) ; Colliery 
Guardian, 157, 384 (1938). Sclieer, W., Feuer- 
ungstech., 27, 225-30 (1939). 

38 Hirst. L. L., and others, Ind. Eng. Chem., 
31. 869-77 (1939). 
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Laboratory®® variations in rate of hydro¬ 
gen flow by a factor of about 10 produced 
no appreciable variation in yield in a given 
time interval (about 2 hours). However, 
the results obtained by Morgan and Ver- 
yard^o for coal and tar hydrogenation 
under conditions such that turbulent flow 
of the reactants existed showed that the 
reaction rate was markedly increased by 
turbulence. This conclusion should be 
entertained with the reservation that, since 
Morgan and Veryard did not use a cata¬ 
lyst, the effect of turbulence may have been 
largely one of providing a catalyst, namely, 
the converter walls, by rupture of an ad¬ 
hering oil film on the metal surfaces. 

Work by Storch, Fisher, Hawk, and 
Eisner on the kinetics of hydrogen con¬ 
sumption, oxygen removal, and liquefac¬ 
tion in the hydrogenation of Pittsburgh 
Seam coal has shown that the rate of hy¬ 
drogen consumption is limited by a diffu¬ 
sion process, presumably diffusion of the 
dissolved hydrogen through a liquid layer 
on the surface of the contact catalysts. 
This work was done in 1.2-liter rotating 
autoclaves, which involved no agitation by 
gas bubbling, and hence it is perhaps illog¬ 
ical to compare this system with that in a 
continuous plant. If, however, one assumes 
that neither the mechanical agitation in 
the rotating autoclave nor the agitation by 
gas bubbling in the continuous plant is 
capable of disturbing the liquid film on the 
catalyst surfaces, then relatively large 
changes in the amount of such agitation 
would not affect the rate of the contact 

88 Booth, N., and Williams, F. A., J. Inst. Fuel, 
11« 493-602 (1938). Dept. 8ci. Ind. Research 
(Brit.), Fuel Research Board, Kept, for the Year 
Ended March, 19S7, p. 165; ibid., for Year Ended 
March, 1938, p. 208. 

40 Morgan, G. T., and Veryard, J. T., J. 8oc. 
Chem. Ind., 57, 152-62 (1938). 

41 Storch, H. H., Fisher, C. H., Hawk. C. O., 
and Eisner, A., U. 8. Bur. Mines, Tech. Paper 
954 (1943), 49 pp. 


catalytic hydrogenation reaction, provided 
that no turbulence were produced. The 
advent of turbulence relative to the cata¬ 
lyst surface would produce a marked accel¬ 
erating effect. 

Concerning the effects produced in coal 
hydrogenation by adding a vehicle and 
catalysts to the coal, some experiments 
have been reported by Horton, King, and 
Williams,^® some of whose results are given 
in Table II; and by Warren, Bowles, and 
Gilmore *® in Table III. 

TABLE II 

Small Autoclave Tests on Influence of 
Vehicle and Catalyst “ 

Autoclave Contents 

Expeliment , — - - - - - - , 


No. 

Coal 

Vehicle * 

Catalyst t 

Oil Yield 





percent 





of coal 

1 

+ x 

- 

- 

23 

2 

+ 

- 

+ 

40 

3 

+ 

+ 

— 

36 

4 

+ 

+ 

+ 

46 

5 

+ 

+ 

- 

54.4 

6 

4- 

- 

+ 

64.4 

7 

+ 

+ 

+ 

70.3 


* Coal-tar distillate. 

t 0,1 percent (on weight of coal) of SnO or 
GeO. 

t Pins sign indicates presence of coal, vehicle, 
or catalyst; minus sign, absence of the constitu¬ 
ent In question. 

In experiments 1 to 4, inclusive, of Table 
II, the rotation of the converter and the 
presence of a loose metal rod served to 
agitate the contents. In experiments 5 to 
7, inclusive, the converter itself was not 
rotated, but a mechanically driven stirrer 
was used for agitation. There were also 
other essential differences in procedure 
that make it illogical to compare the two 
groups. However, all comparisons made 

42 Horton, L., King, J. G., and Williams, F 
A., J. Inst. Fuel, 7, 86-97 (1933). 

48 Warren, T. B., Bowles, K. W., and Gilraon* 
R. E., Ind. Eng. Chem., 11, 415-9 (1939). 
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TABLE III 

Yields of Volatile Products from Bitu¬ 
minous Coal with Stannous Oxide in the 
Presence and Absence of a Vehicle * 

(Percentage of dry, ash-free coal) 


SnO 

Without Vehicle 

With Vehicle 

as Per¬ 


Increase 


Increase Due 

cent of 


Due to 


to Catalyst 

Charge 

Total 

Catalyst 

Total 

plus Vehicle 

0.0096 

63.8 

9.0 

72.7 

14.2 

0.0096 

63.6 

8.9 

74.1 

15.1 

0.0951 

68.9 

14.6 

79.4 

20.2 

0.0951 

69.7 

15.4 

79.5 

20.1 

0.899 

75.7 

21.5 

82.1 

22.5 

0.899 

75.7 

21.4 

82.4 

22.6 

4.56 

80.6 

26.2 

83.3 

23.3 

4.56 

80.5 

26.0 

83.7 

23.5 

9.51 

80.5 

25.7 

84.4 

24 1 

9.51 

80.4 

25.2 

83.6 

23.1 


• Oil from hydrogenation of bituminous coal. 
Addition of vehicle alone resulted in 9.1 percent 
increase above the value (57.7 percent) for the 
coal without vehicle and without catalyst. 

between experiments of the same group, 
that is, 1 to 4 or 5 to 7, are sound. 

Comparisons of experiments 2 with 4 
and 6 with 7 indicate an increase of 0 to 0 
percent due to the addition of a vehicle 
when a catalyst is also present. Compari¬ 
son of experiment 1 with 3 shows an in¬ 
creased yield of 13 percent due to the 
addition of a vehicle in the absence of a 
catalyst. Comparisons of experiments 3 
with 4 and 5 with 7 indicate an increased 
yield of 10 to 16 percent due to the addi¬ 
tion of a catalyst when a vehicle is also 
present. Comparisons of experiments 1 
with 2, 1 with 3, 5 with 7, and 6 with 7 
indicate that the addition of 0.1 percent 
stannous oxide as catalyst results in a 
greater increase in oil yield than the addi¬ 
tion of the vehicle. 

Inspection of Table III shows that the 


separate effects of catalyst and vehicle are 
not additive. With small amounts of cata¬ 
lyst the addition of a vehicle results in an 
appreciably enhanced yield; but with large 
amounts of catalyst, that is, more than 
about 0.5 percent, the effect is small and 
may even become negative. The two vari¬ 
ables, catalyst and vehicle, are therefore 
not independent of each other; in fact, it 
is likely that catalysts such as those used 
for liquid-phase hydrogenation of coal in¬ 
crease the rate of production of liquid ma¬ 
terial from a portion of the coal; this 
liquid subsequently acts as a dispersion 
medium for the remaining solid material. 
Hence, if a larger proportion of catalyst is 
present, the production of a liquid vehicle 
is rapid enough to result in oil yields equal 
to or even greater than those obtained in 
the presence of both vehicle and catalyst. 

This interpretation is also indicated by a 
more quantitative consideration of the data 
of Table III. In the absence of a vehicle 
the yield of volatile products is an approx¬ 
imately linear function of the logarithm of 
the percentage of stannous oxide used. 
This relationship holds until about 1 per¬ 
cent of stannous oxide is present; for larger 
percentages the increase in yield due to 
additional catalyst is smaller than would 
be expected. In the presence of a vehicle, 
however, the relationship between yield 
and amount of catalyst is such that the 
yield increases much more slowly than the 
logarithm of the percentage of catalyst 
used. 

Catalysts. The catalytic behavior of the 
converter walls has been investigated by 
the British Fuel Research Laboratory** 
and found to be of considerable impor¬ 
tance. These experiments were conducted 
in a 2-liter autoclave using a glass ^^liner” 

4iDept. 8oi. Jnd. Research (Brit.), Fuel Re¬ 
search Board, Rept. for the Year Ended March, 
19St, pp. 149-61. 
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made of Pyrex. The results are given in 
Table IV. 

Experiment 5 shows that Pyrex glass 
has very little effect, and, hence, conclu¬ 
sions concerning the catalytic effects of the 
converter walls and of the stannous hy- 

TABLE IV 

Experiments on Wall Catalysis with 
2 -Liter Converter 


Beamshaw coal, low-temperature tar vehicle. 
Contact time, 2 hours; temperature, 450® C. 
Initial pressure, 100 atmospheres of hydrogen. 


Experitnent 

No. 

Liner 

Fitted 

CatalyHt 

Insoluble 

Residue 

1 

No 

None 

percent 
of dry, 
ash-free 
coal 

12.0 

2 

Yes 

None 

45.0 

3 

No 

0.1 percent Sn(OH )2 

9.8 

4 

Yes 

0.1 percent Sn(()H )2 

14.5 

6 

No 

50 percent Pyiex rIesh 

15.3 


droxide are sound. In present industrial 
coal-hydrogenation practice the converters 
are about 4 feet in diameter, and, hence, 
catalysis by the converter walls may be 
of less importance than indicated in Table 
IV. It should be remembered, however, 
that in engineering development work such 
as was done by Vallette in France and 
by Morgan and Veryard^® m Great Brit¬ 
ain, where very much narrower tubes were 
employed than those in the experiments 
of Table IV, the catalytic effect of the con¬ 
verter walls is of considerable importance. 

One might suppose that the activity of 
the converter walls would be decrea.sed rap¬ 
idly by poisoning. This supposition was 
disproved by experiments done in the Brit¬ 
ish Fuel Research Laboratory.*® The only 

45 Valk*tte, F., Bull. soo. encour. ind. nail., 
138. 35.V65 (1036). 

46 Dept. 8ei. Ind. Research (Brit.), Fuel Re¬ 
search Board, Rept. Jor the Year Ended 19S6, 
p. 161. 


way in which converter-wall activity could 
be avoided was by the use of a glass liner. 
Indeed, one patent specifies the periodic 
activation of the converter walls by the 
action of small amounts of iodine in the 
hydrogenation of pitch and coal. Iodine 
or its compounds is not added to-the re¬ 
action mixture. 

Additional data indicating the impor¬ 
tance of the catalytic activity of the con¬ 
verter walls were reiiorted in connection 
with some laboratory experiments on tar 
hydrogenation.*® Three series of tests were 
conducted with two Irak tars: (1) in a 
bare autoclave of nickel-chromium-molyb- 
denum steel without catalyst; (2) in the 
.same autoclave lined with aluminum sili¬ 
cate; and (8) in the autoclave lined as in 
(2) but in the presence of a catalyst of 
molybdenum sulfide and tungsten. The 
results indicated that the walls of the auto¬ 
clave had considerable influence on the 
hydrogenation process. 

The nature of the catalysts employed in 
coal hydrogenation has been the subject 
of numerous ])atents. The presence of ap¬ 
preciable quantities of sulfur compounds 
and organic sub.stances of high boiling 
points makes im])ractical the u.se of the 
well-known active hydrogenation catalysts 
such a.s reduced nickel. Moreover, such 
catalysts frequently show a negative tem¬ 
perature coefficient at temperatures of 400 
to 500® C in hydrogenation reactions where 
sulfur and high-boiling organic substances 
are absent; because of this, they are not 
so active as other catalysts that are in¬ 
ferior to them at lower temperatures.*® 

The numerous patents disclosing cata¬ 
lysts for the destructive hydrogenation of 

47 Gob. filr Teorverwertung m.b.H., Ger. Pat. 
661,003 (19.38). 

48 Lpopold, A., Ann. comhuetiblcs liquides, 14, 
513-30 (1930). 

49Alchudzan, A. A., J. Gen. Chem. (U.8.8.R.), 
4 . 1168-79 (1034). 
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coal and other carbonaceous materials may, 
for convenience, be classified in four groups 
as follows: (1) those emphasizing the de¬ 
sirability of the addition of some volatile 
halide or compound that will yield a vola¬ 
tile halide upon decomposition at process 
temperatures;(2) promoted heavy metal 
sulfide and oxide catalysts; (3) finely 
divided metals; and (4) alkali and alka¬ 
line-earth metals and their compounds to¬ 
gether with finely divided iron or other 
metals.*’® 

This survey of the patent literature 
shows the outstiinding importance of vola¬ 
tile halogens as catalysts in the primary 
liquefaction of coal by hydrogenation. 
This fact may be correlated with the abil- 

so Holroyd, R., Cockram, C., and Imperial 
Chemical Ind., Ltd., Brit. Pat. 427,883 (1935). 
International Hydrogenation Patents Co., Ltd., 
Brit. Pats. 442,440, 450,473, 457,211 (1030) ; 
Fr. Pats. 779,872, 785,245, 787,520 (1935), 794,- 
437 (1936), 816,955 (1937). Mathews, M. A., 
Parsons, L. G. B., and Imperial Chemical Ind., 
Ltd., Brit. Pat. 440,456 (1935). 1. G. Farben- 

iiidustrle A.-G., Gor. Pats. 654,024 (1937), 671,- 
183, 078,808 (1939) ; Brit. Pat. 472.538 (1937). 
Standard 1. G. Co., U. S. Pat. 2,098,400 (1937). 

51 Yorkshire Tar Distillers Ltd., Brit. Pat, 

435,192 (1935). I. G. Farbenindiistrie A.-G., 
Ger. Pats. 614,910 (1935), 633,185 (1936), 657,- 
703, 658,651, 664,385, 660,065, 6.69,015 (1938), 
070,717, 678,485, 078,622 (1939) ; U. S. Pats. 
1,996,009, 2,005,192, 2,006,996 (1935), 2,039,269 
(1936); Brit. Pats. 473,082 (19.37), 488,651 

(1938); Fr. Pat. 8.30,135 (1938). Deutsche 
ITydrierwerke A.-G., Ger. Pat. 611,922 (1935). 
Shell Development Co., U. S. Pat. 1,998,212 
(1935). International Hydrogenation Patents 
Co., Brit. PatH. 442,573, 444,779, 455,313, 455,- 
453 (1936), 477,944 (1938) ; Fr. Pats. 793,436, 
794,936 (1930), 814,.3.34 (1937), 825,687 (1938). 
Standard I. G. Co., U. S. Pat. 2,159,511 (1939). 

52 International Hydrogenation Patents Co., 
Ltd., Brit. Pat. 442,440 (1936) ; Fr. Pats. 793,- 
464, 793,799, 794,437 (1936), 826,454 (1938). 
Standard Oil Company of Indiana, U. S. Pat. 
2,0.33,737 (1936). M, Melamld, U. S. Pat. 2,110,- 
887 (19,38). 

C»)inp. mines Vicoigne, Neoux, et Droeourt, 
Brit. Pat. 447,930 (1936) ; Fr. Pats. 787,211 
(1935), 792,711 (1936). International Hydro¬ 
genation Patents Co., Ltd., Brit. Pat. 457,198 
(1936) ; Fr. Pat. 793,108 (1936). Vieux, C., 
Brit, Pats. 442,023, 446,494 (1936). 


ity of halogens, alkyl halides, and halogen 
acids to function as catalysts in the ther¬ 
mal decomposition of oxygenated organic 
compounds such as ethers and aldehydes.®* 
A few amphoteric sulfides—^namely, mo¬ 
lybdenum, and tungsten disulfides and 
stannous sulfide—^are the most active of 
the metal sulfide catalysts. Stannous sul¬ 
fide is reported to be particularly effective 
in the primary liquid-phase hydrogenation; 
molybdenum and tungsten disulfides are 
preferred for vapor-phase hydrogenation of 
tars or liquid primary coal-hydrogenation 
products. In general, the metal sulfides 
are more active than the oxides, and it is 
desirable to maintain a minimum partial 
pressure of about 1 atmosphere of hydro¬ 
gen sulfide to avoid conversion of metal 
sulfides to oxides or to metals.®® The work 
of Varga and Makray®® showed that hy¬ 
drogen sulfide used along with a molyb¬ 
denum catalyst promoted the hydrogena¬ 
tion of naphthalene, w-cresol, and tar oils 
in general. Hydrogen selenide has a selec¬ 
tive effect when used with a molybdenum 
catalyst, in that it promotes the hydrogen¬ 
ation of naphthalene more energetically 
than does hydrogen sulfide, and retards the 
hydrogenation of m-cresol and tar acids in 
general. The metalloids phosphorus, ar¬ 
senic, selenium, and tellurium, or their 
compounds, are reported to be desirable 
additions to liquid-phase coal hydrogena^ 
tion catalysts.®"^ 

64 Glass, J., and Ilinshelwood, C. N., J. Chem. 
8oc., 1929. 1815-9. Ilinshelwood, C. N., Clusins, 
K., and Iladman, G., Proo. Roy. 8oc. (London), 
128A, 88-92 (1930). 

65 I. G. Farbenindustrie A.-G., Ger. Pat. 619,- 
739 (1935). International Hydrogenation Pat¬ 
ents Co., Ltd., Brit. Pat. 452,915 (1936). 

56 Varga, .T., and Makray, I. von, Brennstoff- 
Chem., 17. 81-3 (1936). Varga, J., Ger. Pat. 
671,884 (1939). Fuchs, 0., and Brendlein, H., 
Angeiv. Chem., 52. 49-58 (1939). 

67 I. G. Farbenindustrie A.-G., Ger. Pat. 677,- 
104 (1939). 



1766 


DIRECT HYDROGENATION OF COAL AND TAR 


British®®*®® and Japanese®® laboratory 
coal-hydrogenation investigations have in¬ 
cluded tests on various catalysts. The 
most interesting of the experiments made 
in the British Fuel Research Laboratory 
are those ®® on the effect of halogens when 
used alone and also in conjunction with 
stannous hydroxide and ammonium molyb¬ 
date. Some of the results of these ex¬ 
periments on the hydrogenation of Beam- 
shaw (bituminous) coal are given in Table 
V. With all the halogens except bromine 


to the results achieved with either alone. 
Addition of hydrogen chloride gave the 
lowest yield of insoluble matter, but addi¬ 
tion of iodine gave the best yield of distil¬ 
lable oils and the highest hydrogen con¬ 
sumption. Figures obtained by the British 
investigators (but not recorded here) for 
higher percentages of the halogens used 
with 0.1 percent of stannous hydroxide do 
not show any appreciable improvement 
over the results given in Table IV. Al¬ 
though 0.5 percent of ammonium molyb- 


TABLE V 

Experiments on the Effect of Halogens at 450“ C “ 

Equal parts of Beamshaw coal and coal-hydrogenation heavy oil in 2-litcr rotating autoclave; 
maximum pressure about 200 atmospheres; reaction time, 30 minutes; all figures in percentage 

of dry, ash-free coal. 


Catalyst 

t - 

Nature 

Percent 

None 


Stannous hydroxide 

0.1 

Iodine 

0.1 

Stannous hydroxide 

0.11 

Iodine 

o.il 

Bromine 

0.1 

Stannous hydroxide 

0.11 

Bromine 

0,11 

Hydrogen chloride 

0.09 

Stannous hydroxide 

0.1 1 

Hydrogen chloride 

0.06) 

Ammonium molybdate 

0.5 

Ammonium molybdate 

0.51 

Iodine 

o.il 


the result obtained with the halogen and 
stannous hydroxide together was superior 

68 Dept. 8ci. Jnd. Research (Brit.), Fuel Re¬ 
search Board, Tech. Paper 29 (1931), 37 pp., 
42 (1935), 58 pp. 

69 Dept. 8ci. Ind. ReseaHh {Brit.), Fuel Re¬ 
search Board, Rept. for the Year Ended March, 
19S8, pp. 206-7. 

60 Abe, R., Huzikawa, S., Kakutanl, T., Oka- 
mura, T., and Suglyama, K., J. 8oc. Chem. Ind. 
Japan, 41, Suppl. Bind., 417-21B (1938). Kuro- 
kawa, Sm Hlrota, K., Huzlwara, M., and Asaoka, 
N., J. Fuel 8oe. Japan, 18, 82-6A (1989). 


Insoluble 

Oil Distilling 

Hydrogen 

Residue 

below 310® C 

Consumed 

23.2 

12.5 

0.5 

8.2 

22.0 

3.1 

12.1 

31.4 

3.4 

8.2 

38.2 

4.6 

7.7 

31.4 

3.9 

8.1 

30.6 

4.5 

12.5 

27.5 

2.7 

6.5 

31.3 

4.0 

16.1 

19.1 

3.5 

7.8 

33.4 

3.9 

date is a 

poorer catalyst than 0.1 percent 


stannous hydroxide, a mixture of the for¬ 
mer with 0.1 percent iodine is almost as 
good as the mixture of 0.1 percent stan¬ 
nous hydroxide with 0.1 percent iodine. 

The Japanese investigators used 0.5- to 
1-liter autoclaves, 430 to 450® C, 100 at¬ 
mospheres initial (cold) pressure, and 1 
hour reaction time. The halides, particu¬ 
larly chlorides and iodides, were found®® 
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to be very active catalysts for coal hydro¬ 
genation. Of the metal oxides, both stan¬ 
nic oxide and nickel sesquioxide showed 
relatively high activity, molybdenum tri- 
oxid? was fairly active, and ferric oxide 
displayed only a small catalytic influence. 
Stannic sulfide possessed marked activity, 
the sulfides of lead, copper, and nickel only 
small, and ferrous and manganous sulfides 
jiractically no catalytic influence. Among 
the metal chlorides, stannous and lead 
chlorides were very good catalysts; zinc, 
aluminum, bismuth, and ammonium chlo¬ 
rides were fair; and cuprous chloride, fer¬ 
ric chloride, and the chlorides of manga¬ 
nese, calcium, and barium were poor cata¬ 
lysts. 

The results obtained from experiments 
with various catalysts for the liquid-phase 
hydrogenation of tar are in general very 
similar to those for liquid-phase coal hy¬ 
drogenation. An extensive survey®^ was 
made in the British Fuel Research Labora¬ 
tory, using for each experunent 250 grams 
of topped low-temperature tar, a 2-liter 
rotating autoclave, 100 atmospheres initial 
(cold) hydrogen pressure, 450® C, 2 hours 
reaction time, and 5 percent of powdered 
cataly.st. The halogens were found to have 
outstandingly high catalytic activity, iodine 
being more active than bromine or chlorine. 
The hydrogen halides and volatile organic 
halides gave results similar to those of the 
lialogens. Stannic oxide was a good cata¬ 
lyst, but stannous chloride was much su¬ 
perior. The power that sulfur possesses 
of activating other substances, or, it may 
be, itself acting catalytically in the pres¬ 
ence of other substances, was found to be 
most marked with molybdic acid. Thus, 
whereas 2.5 percent of molybdic acid gave 
a tarry product containing 23.4 percent of 
pitch, a mixture of 2.5 percent each of 

ci/Jept. 8ci, Ind. Research (Brit.), Fuel Re¬ 
search Board, Tech. Paper 40 (1985), 107 pp. 
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sulfur and molybdic acid yielded a light 
amber-colored oil, which was completely 
soluble in petroleum ether and which con¬ 
tained only traces of tar acids* and bases. 
The effect of sulfur was also very marked 
when used with tungstic oxide. Tungstic 
oxide is, per se, inactive, but a mixture 
with an equal part of sulfur was an active 
catalyst. Iron, nickel, cobalt, and chro¬ 
mium oxides, which were only slightly ac¬ 
tive, showed some improvement when 
mixed with sulfur; but cadmium, tin, and 
vanadium oxides, which are mildly active 
catalysts, showed no improvement. 

Most of the published information on 
catalysts for vapor-phase hydrogenation 
concern low-temperature tar rather than 
oils obtained from coal by hydrogenation. 
A considerable amount of experimental 
work published in England and 
Japan ®® on the hydrogenation of low- 
temperature tar showed that molybdenum 
oxide supported on alumina gel was a satis¬ 
factory vapor-phase catalyst when used at 
temperatures of 480 to 500® C and 200 to 
300 atmospheres of hydrogen. It deterio¬ 
rated at a relatively slow rate and could 
be reactivated by^oxidation with air. How¬ 
ever, for partly hydrogenated middle oils 
that are free from asphaltic and bitumen¬ 
like materials, much more active catalysts, 
such as pelleted molybdenum and tungsten 
disulfides, may be used. These catalysts 
may be prepared by precipitation of the 
sulfide by acidification of an ammonium 
thiomolybdate (or thiotungstate) solution 
followed by washing, drying, and pelleting 
of the powdered trisulfide and subsequent 
reduction to the disulfide. They are ex- 

62 King, J. G., Science of Petroleum, Oxford 
University Press, London, Vol. 8, pp. 2156-61 
(1938). Dept. Sci. Ind. Research (Brit.), Fuel 
Research Board, Repts. for Years Ended March, 
19S6, and March, 19S7. 

68 Ando, S., J. Soc. Chem. Ind., Japan, 39, 
278-80B (1936). 
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traordinarily active for vapor-phaae hydro¬ 
genation, some hydrogenation being effected 
by them at as low a temperature as 250® C, 
although 3S0 to 400® C is the practical 
operating temperature.®* 

In 1933 Pier ®* provided some interesting 
discussion concerning the development of 
the vapor-phase sulfide catalysts. In semi¬ 
commercial-scale tests molybdenum oxide 
catalysts were found to operate best at 
450 to 480® C, and at 450® C they pos¬ 
sessed a long life. It was, however, found 
necessary in full-scale production at Leuna 
to increase the temperature gradually in 
order to maintain the yield. At the higher 
temperatures the recycle oils were less satu¬ 
rated, and the gasoline product from oper¬ 
ation at 500 to 530® C was more aromatic 
and of higher octane number than that 
obtained at 450® C. Later it was found 
that oxygen-free sulfide catalysts were 
about five times as active at 400 to 430® C 
as the earlier catalysts were at 450 to 
480® C. Thus for example the new cata¬ 
lysts hydrogenated bituminous-coal-tar 
middle oil as readily as gas oil was hydro¬ 
genated by the old catalysts. However, 
the octane number was lower than that of 
the gasoline from the older catalysts, and 
further research was essential to discover 
catalysts of activity as high as that of the 
sulfide catalysts which would be of milder 
hydrogenating power, so as to avoid satu¬ 
rating the aromatic hydrocarbons. In 1938 
a fairly complete disclosure was made of 
the results of this research.®® It was found 
that dilution of the molybdenum or tung¬ 
sten disulfide with 3 to 9 parts of ferrous 
sulfide, manganous sulfide, or activated 
clay yielded catalysts that, in addition to 
being much more active and rugged than 

64 Pier, M., Proc. World Petroleum Gongr., 2, 
336 (1933). 

66 I. G. Parbenindustrie A.-G., Brit. Pat. 488,- 
651 (1938). 


catalysts like molybdic acid on alumina, 
were only mildly hydrogenating and gave a 
highly aromatic product. 

Perhaps the most interesting part of this 
disclosure ®® concerns the specificity of the 
new catalysts for the production of aro¬ 
matic hydrocarbons. Thus, for example, in 
the hydrogenation of crude cresol the cata¬ 
lyst was prepared by mixing 85 parts of 
ferrous sulfide with 15 parts of tungsten 
disulfide and pelleting the mixture. The 
product obtained at 450° C and 200 at¬ 
mospheres pressure was 99 percent neutral 
oil containing 66 percent aromatics, chiefly 
toluene. With pelleted tungsten disulfide 
alone the product contained 3 percent of 
aromatics; with pelleted ferrous sulfide 
alone, 27 percent; with a pelleted mixture 
of 85 percent tungsten disulfide plus 15 
percent ferrous sulfide the product con¬ 
tained only 5 percent of aromatics. Since, 
in all experiments, 98 to 100 percent neu¬ 
tral oil was obtained, it is apparent that 
there is a definite specificity attached to 
the 15 percent tungsten disulfide catalyst 
which is not possessed by either ferrous or 
tungsten sulfides per se, or by a mixture 
in which the tungsten sulfide predominates. 

The composition of the gasoline products 
obtained by the hydrogenation of middle 
oils (from coal hydrogenation) with pel¬ 
leted molybdenum disulfide is character¬ 
istically different from that obtained with 
molybdenum oxide on alumina gel,®® as 
shown in Table VL 

The enormous differences in the results 
obtained with these catalysts cannot be due 
entirely to the fact that one is initially 
molybdic oxide and the other the disulfide, 
for it is probable that the oxide catalyst is 
at least partly converted to sulfide during 

00 Dept. 8cl. Ind. Research (Brit.), Fuel Re¬ 
search Board, Rept. Jor Year Ended March, 1937, 
pp. 113-20. Hall, C. C., and Cawley, C. M., J. 
8oc. Chem. Ind., 56, 303-8T (1937). 
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TABLE VI 


Gasolines Produced from Middle Oils by 
Different Vapor-Based Catalysts 



Alumina 

Gel- 

Pelleted 


Supported 

Cata¬ 

Percent by Weight 

Catalyst 

lyst 

Aromatic hydrocarbons 

27 

2 

Naphthenic hydrocarbons 

66 

50 

Parafl&nic hydrocarbons 

7 

48 


operation. An X-ray study of the two 
catalysts probably would be profitable. 

Some tests on various catalysts for the 
vapor-phase hydrogenation of coal-hydro- 
genation oils were reported by Makh in 
Russia.®^ The highest yield of gasoline 
was obtained with a mixture of about 
equal parts of molybdenum trisulfide and 
kaolin. A moderate yield of high-quality 
gasoline was obtained with a catalyst con¬ 
taining 10 percent of molybdenum disul¬ 
fide or trioxide plus 90 percent zinc oxide- 
chromium oxide mixture. 

As an example of the application of 
catalysts in coal hydrogenation, a rather 
exceptionally informative patent dis¬ 
closes the following: In the first or liquid- 
phase stage the coal is mixed with an 
equal quantity of a heavy oil (obtained 
from the hydrogenation of the coal itself) 
and 0.06 percent tin oxalate plus 0.75 per¬ 
cent of hydrocliloric acid. This mixture is 
pumped along with hydrogen at 400 at¬ 
mospheres pressure through a preheater, 
where the temperature is raised to 450® C, 
and then through three converters in 
series. The function of the converters is 
to provide '‘soaking” space during the 
2-hour time of contact. In the second or 
vapor-phase stage, that fraction of the fil¬ 
er Makh, G. M., Khim. Tverdogo Topliva, 9, 
58-64 (1938) : Chem, Aha., 32, 6429 (1938). 

08 I. Q. Farbenindustrie A.-G., Brit. Pat. 472,- 
638 (1937). 


tered product distilling between 250 and 
350® C is mixed with hydrogen at 300 at¬ 
mospheres pressure and conducted at 350 
to 400® C over a fixed tungsten disulfide 
catalyst. The time of contact for the 
vapor in this stage is about 1 minute, and 
the product is virtually free frofia oxygen, 
nitrogen, and sulfur. It is then passed 
along with hydrogen at 370® C and atmos¬ 
pheric pressure over a catalyst consisting 
of a mixture of molybdenum and cobalt 
sulfides deposited on active charcoal. This 
step removes the last traces of oxygen, 
nitrogen, and sulfur and adds hydrogen to 
some of the unsaturated hydrocarbons. 
The product is then cooled and the wax 
that separates is filtered off. In the last 
stage the filtrate of the third stage is sub¬ 
jected to destructive hydrogenation at 
530® C with a catalyst consisting of a mix¬ 
ture of molybdenum, zinc, and magnesium 
oxides. The final product consists mainly 
of aromatic hydrocarbons such as benzene, 
toluene, and xylene. 

Tropsch has presented some interesting 
data®** on the action of catalysts in the 
hydrogenation of technical cresol (boiling 
range 86 percent between 185 and 200® C), 
gas oil, and paraffin wax at 370 to 460® C 
and 85 atmospheres initial (cold) pressure 
of hydrogen. Excellent catalysts for the 
high-pressure reduction of cresol were mo¬ 
lybdenum, tungsten, and cobalt sulfides. 
Molybdic oxide was a very good catalyst; 
tungstic oxide was totally ineffective. 
Nickel hydroxide was a good catalyst, but 
nickel sulfide was of only moderate activ¬ 
ity. Other moderately active catalysts 
were zinc chloride, aluminum hydroxide, 
vanadium oxide, chromium hydroxide, 
uranium oxide, and cobalt hydroxide; the 
following were without catalytic effect: 
zinc oxide, ferric hydroxide, and ferrous 

69 Tropsch, H., Proo. Srd Intern. Con], ^itu- 
minoua Coal, 2, 35-49 (1931). 
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sulfide. A hydrogenation of the hydro¬ 
carbons formed occurred along with the 
reduction of the hydroxyl group, this hy¬ 
drogenation being more extensive at lower 
than at higher temperatures. The cleav¬ 
age of the methyl group from the cresol, 
amounting to only about 10 percent, was 
not influenced by the catalysts used. 

Tropsch®® found that the destructive 
hydrogenation of gas oil was catalyzed 
only by the sulfides of molybdenum and 
tungsten and, in some measure, also by the 
sulfides of the iron group. The oxides, on 
the other hand, were virtually ineffective; 
especially inactive was molybdic oxide, 
which served as an excellent catalyst for 
the reduction of cresols. Molybdic sulfide 
was an excellent catalyst for the destructive 
hydrogenation of paraffin wax. It appears, 
therefore, that whereas molybdic sulfide 
serves as catalyst for both C—C rupture 
and for hydrogenation, molybdic oxide does 
not catalyze the former reaction. 

The experiments of Hollings, Bruce, and 
Griffith’^® on the influence of silica as a 
promoter for molybdic acid in the hydro¬ 
genation of tars showed that, when the 
yield under a given set of conditions was 
plotted against the atom percentage of sili¬ 
con, a curve was obtained containing two 
maxima at 3.0 and 5.5 percent and a 
minimum at 4.5 percent. These authors 
also studied the adsorption, at tempera¬ 
tures up to 450° C, of hydrogen, benzene, 
hexane, and cyclohexane by molybdic acid 
containing varying amounts of silica. In¬ 
spection of the data given for the rate of 
activated adsorption of hydrogen shows 
that large decreases in the energy of acti¬ 
vation occur between 0.0 and 3.0 atom 
percent silicon and between 4.4 and 5.5 
percent, whereas this energy is virtually 
constant between 3.0 and 4.4 percent. If 

TOHolllnss, H.. Bruce, K., and Griffith, R. H., 
Proo. Roy. Soo. {London), 148A, 180-206 (1935). 


one assumes a steadily increasing retarda¬ 
tion by coal tar or its hydrogenation prod¬ 
ucts with increasing atom percentage of 
silicon, it is reasonable to predict on the 
basis of the changes in energy of activated 
adsorption of hydrogen precisely the form 
of curve actually obtained, that is, two 
maxima, one somewhere between 0.0 and 
3.0 percent silicon and the other between 
4.4 and 5.5 percent. 

The efficiency of various promoters in 
increasing the catalytic activity of molyb¬ 
denum oxide in the catalytic hydrogenation 
of phenol to benzene was studied by King- 
man and Rideal.^^ It was found that a 
very effective method of introducing the 
promoter was to prepare the catalyst from 
the appropriate heteropoly acid, with the 
promoter as the central atom in the com¬ 
plex. The ammonium salts of the acids 
were used, and the catalysts were treated 
with hydrogen for 6 hours at 480° C before 
testing. Of the four catalysts prepared 
from (NH 4 )JX(Mo 207 ) 6 ], where X = 
phosphorus, silicon, tin, or thorium, those 
containing phosphorus and silicon were 
much more active than molybdenum oxide, 
whereas those containing tin and thorium 
were appreciably less active than molyb¬ 
denum oxide. The tJirce catalysts pre¬ 
pared from (NH 4 )„rX(Mo 04 )(}] contain¬ 
ing nickel, chromium, and copper were 
much more active than molybdenum oxide. 

X-ray analysis of the first group of 
catalysts showed an extremely small par¬ 
ticle size for the phosphorus- and silicon- 
promoted catalysts, the structure of the 
catalysts containing phosphorus being en¬ 
tirely different from that of pure molyb¬ 
denum dioxide. The thorium-promoted 
catalyst was more crystalline than that 

Dept. 8ci. Ind Research {Brit.), Fuel Re¬ 
search Board, Rtpt. for the Year Ended 19S6, 
pp, 142-44. Kingman, F. B. T., and Rideal, 
E. K., Nature, 137, 529 (1936). 
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promoted with phosphorus, and both the 
thorium- and the tin-promoted catalysts 
had structures similar to that of pure mo¬ 
lybdenum dioxide. The efficiency of a pro¬ 
moter in the first group of catalysts may 
therefore be dependent on the prevention 
of the sintering of nearly amorphous cata¬ 
lysts. X-ray analysis of the second group 
showed a fairly well-developed crystalline 
structure similar to that of pure molybde¬ 
num dioxide, and hence the high activity 
of these catalysts may be due to an effect 
different from that for the phosphorus- and 
silicon-promoted catalysts of the first 
group. This effect may be the distortion 
of the space lattice caused by the intro¬ 
duction of the promoter. The relative sur¬ 
face areas of some of the catalysts were 
measured, and it was found that, though 
the more active catalysts i)resentcd larger 
areas, the variations in surface areas were 
not directly proportional to the measured 
differences in catalytic activity. Since, 
however, it is known that in heat sintering 
the activity of some catalysts decreases 
many times faster than the surface area, 
this lack of proportionality is not neces¬ 
sarily indicative of a new or qualitatively 
different phenomenon. 

A detailed study of promoters for the 
dehydrogenation of hexane and the hydro¬ 
genation of phenol was published by Grif¬ 
fith .^2 jjjg optimum jiromoter concentra¬ 
tion for hexane decomposition at 500° C, 
with a molybdenum oxide catalyst, was 
found to be 4.3 atom percent for sodium, 
chromium, cerium, aluminum, barium, 
boron, and thorium, and 2.2 atom percent 
for iron, copper, and leiid. The metal 
oxides of the first group were not reducible 
under the operating conditions, whereas 
iron, copper, and lead oxides were reduced 
to the respective metals. For the hydro- 

72 Griffith, R. H., Nature, 187, 638 (1936) ; 
Trana. Faraday 80 c., 83, 407-12 (1937). 
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genation of phenol at 400* C the optimum 
promoter concentrations for a molybdenum 
oxide catalyst were 16 atom percent for 
cerium, 16.5 for aluminum, and 15.0 for 
silicon. No adsorption measurements for 
phenol or hydrogen were reported, and 
until further data are available it will be 
difficult to determine the significance of 
these optimum promoter concentrations. 

The same author also presented a series 
of experiments in which the rate was deter¬ 
mined for dehydrogenation of decahydro- 
naphthalene, decane, hexane, and cyclo¬ 
hexane, using chromic oxide gel plus vari¬ 
ous amounts of magnesia. Yot decahy- 
dronaphthalene the activity was constant 
from 0.0 to 90.0 percent magnesia, and 
then it dropped off linearly with increasing 
magnesia content. For decane the constant 
activity ranged from 0.0 to 50.0 percent 
magnesia, for hexane 0.0 to 20.0 percent, 
and for cyclohexane the activity dropped 
continuously with increjising magnesia con¬ 
tent. Griffith explained these data by as¬ 
suming that the larger hydrocarbon mo¬ 
lecules cover many active centers upon 
adsorption, and hence the dilution effect 
due to the inert carrier magnesia is not 
apparent until the active centers are far¬ 
ther apart than the necessary distance for 
activation and reaction. Similar experi¬ 
ments with a chromic oxide-silica catalyst 
and addition of various amounts of mag¬ 
nesia showed an immediate dilution effect 
with all hydrocarbons. Griffith concluded 
from this that chromic oxide promoted 
with silica presents a surface that is quali¬ 
tatively different from unpromoted chromic 
oxide and not merely one with a larger 
number of active centers. 

This research unquestionably will be of 
importance in developing the chemistry of 

78 Griffith, R. H., Contact Catalyaia, Oxford 
University Press, London, 1936, pp. 88-89; 
Trana. Faraday 80 c., 83, 412-6 (1937). 
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vapor-phase hydrogenation. It would be 
desirable, however, to have catalytic-rale 
studies on the destructive hydrogenation 
of larger molecules. There is also a dearth 
of rate measurements on destructive hydro¬ 
genation in the liquid phase of pure com¬ 
pounds of high molecular weight. Where 
relatively large molecules are involved, ad¬ 
sorption of such molecules will, beyond a 
certain limit, probably retard destructive 
hydrogenation reactions. Especially in 
liquid-phase hydrogenation of large mole¬ 
cules, the rate might be expected to be 
determined largely by that of the activated 
adsorption of hydrogen on a surface al¬ 
most completely covered by the other re¬ 
actant. It would, perhaps, be more logical 
to search for hydrogenation catalysts that 
do not strongly adsorb the organic molecule 
it is desired to hydrogenate destructively, 
or for hydrogenation catalysts that are 
soluble in the liquids to be hydrogenated, 
thus avoiding the necessity of a contact 
catalytic reaction. Tetrahydronaphthalene 
probably functions in part as a liquid- 
phase catalyst for coal hydrogenation, and 
very likely the desirability of compounds 
such as methylnaphthiilcne, phenols, and 
quinoline in liquid-phase coal hydrogena¬ 
tion systems may also be a matter of labile 
hydrogen atoms in these molecules in addi¬ 
tion to their well-known solvent action on 
coal. Observations indicating that aro¬ 
matic amines may be regarded as catalysts 
for the dehydrogenation of glyceraldehyde 
have been reported.^^ 

TEMPERATURE, PRESSURE, AND CONTACT TIME 

It is commonly supposed that one of the 
important reasons why a temperature 
above 400® C for the liquid phase of coal 
hydrogenation is necessary is the fact that 
active pyrolysis of coal does not occur 

74 strain, H. H., J. Am. Chem. 8oe., 00, 1268 
(1938). 


until such temperatures are employed. 
This explanation is probably too simple, 
for other factors are involved, such as (1) 
the positive temperature coefficient of the 
solubility of hydrogen in most liquids, (2) 
the decrease in retardation of the reaction 
rate at high temperatures due to decreased 
adsorption of bituminous materials on the 
contact catalyst, and (3) the effect of tem¬ 
perature and particle size on the rate of 
depolymerization and solution of the coal 
substances. 

Maxted and Moon have shown that 
the temperature coefficient of the molar 
solubility of hydrogen in all the liquids 
tested by them is positive. With a given 
gas-liquid interfacial area, which is deter¬ 
mined largely by the rate and manner of 
hydrogen recirculation, both the rate and 
the total equilibrium amount of hydrogen 
dissolved by a given weight of liquid in¬ 
creases with the temperature. 

Korosy^® plotted the critical tempera¬ 
ture of gases against the logarithm of the 
molar solubility. He obtained a straight 
line for all solvents but found that hydro¬ 
gen exhibits anomalous behavior in that its 
solubility is much higher than would be 
predicted from its critical temperature. 
Gases with critical temperatures above 
—93° C have negative temperature coeffi¬ 
cients of solubility in liquids, and those 
with lower critical temperatures (vsuch as 
hydrogen, helium, neon, nitrogen, carbon 
monoxide, argon, oxygen, and nitric oxide) 
have positive temperature coefficients in 
most solvents except water, which at about 
room temperature shows a negative co¬ 
efficient for all gases. This is due to the 
fact that most solvents have appreciable 
expansion coefficients at room temperature, 

75 Maxted, E. B., and Moon, C. H., Trans. 
Faraday 8oc., 82. 769-75 (1936). 

76 KSrdsy, F„ Trans. Faraday 8oc., 33, 416-25 
(1937). 
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whereas that for water is very low. The 
temperature coefficient of solubility at con¬ 
stant volume of solution is negative for all 
gases and all solvents. Experiments made 
in the British Fuel Research Laboratory 
also have shown that hydrogen has a posi¬ 
tive temperature coefficient of solubility in 
hydrocarbon solvents and have yielded the 
results given in Table VII for the solubility 

TABLE VII 

Solubility of Hydrogen and (Iaseous 
Hydrocarbons in Tar Hydrogenation 
Products ” 



Hydro¬ 

Fi act ion 

Fraction 


genation 

of 

of 


Product of 

Product 

Product 


Low-Tem¬ 

Boiling 

Boiling 


perature 

to 

from 200 

Solvent 

Tar 

200® C 

to 300® C 

Solubility at 

Volumes of 

gas put unit ^ olume of sol- 

20® C 

vent pei atmosphere puitial piewsurc 

Hydrogen 

0.065 

0.090 

0.050 

Hydrocarbons 

0.7 

0.9 

0 6 


of hydrogen and a mixture of hydrocarbons 
(mainly methane plus ethane) in several 
oils. The temperature coefficient of the 
solubility of hydrogen in a middle oil is 
indicated by the data of Table VITI. 

TABLE VITI 

Temperature Coefficient of Hydrogen 
Solubility in a Middle Oil at 200 Atmos¬ 
pheres Pressure 

Temperature, ®C 25 100 200 300 350 

Hydrogen pei kilogram 

of oil, liters 13 18 28 37 39 

The heat of solution of the hydrogen cal¬ 
culated from these data range.s from about 
9,500 calories for the 25 to 100“ C interval 
to 16,000 calories for the 200 to 300“ C in¬ 
terval. This variation may be due to 
failure to reach equilibrium. 

7T Dept. 8ci. Ind. Research {Brit.), Fuel Re¬ 
search Boardf Rept. for the Year Ended March, 
19S5, p. 102. 

78 Pier, M., Proo, World Petroleum Congr., 2, 
290-4 (1938). 


Ipatieff and Levin found that hydro¬ 
gen is more soluble in alicyclic than in 
aromatic compounds, and the solubility in 
aromatic compounds • decreases with in¬ 
crease in the number of side chains. At 
low temperatures and pressures the solu¬ 
bility obeys Henry’s law, but at higher 
pressures the solubility coefficient increases 
with increasing pressure. 

Some data on the kinetics of the primary 
liquefaction of coal by hydrogenation have 
been obtained by H. H. Storch, C. H. 
Fisher, C. 0. Hawk, and A. Eisner.'^^ This 
work was done in a rotating 1.2-liter bomb 
with equal weights (100 grams of each) of 
tetralin and coal plus 1 percent of tin 
sulfide and an initial (cold) pressure of 
1,000 pounds per square inch of hydrogen. 
The results indicate the following mecha¬ 
nism of the primary liquefaction of bitu¬ 
minous coal by hydrogenation: 

1. The rate-determining Rtej) for the hy¬ 
drogen absorption varies with temperature. 
Between 300 and 370“ C, diffusion of hy¬ 
drogen through a liquid film on the surface 
of the coal and catalyst is the slowest stej); 
above 370“ the rate-determining step is a 
chemical reaction between a hydroaromatic 
and the oxygen and unsaturated groups in 
the products of the primary decomposition 
of the coal. The chief function of the cata¬ 
lyst and of hydrogen at high pressure is to 
increase the rate of regeneration of a hy¬ 
drogen carrier, which is a hydroaromatic 
compound such as tetrahydronaphthalene. 
The reactions of the hydrogen carrier with 
oxygen groups and double bonds are largely 
noncatalytic. The effects of the catalyst on 
the rate of oxygen elimination and on that 
of liquefaction are very similar, and it is 
probable that both processes are intimately 

79 Ipatieff, V. V., Jr., and Levin, M. I., J. Phys. 
Chem. {U.8.8.R.), 0, 682-9 (1935) ; Chem. Abs., 
29, 7718 (1936). 
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associated in one reaction or group of re¬ 
actions. 

2. There is no direct or simple relation¬ 
ship between the hydrogen-consumption 
rate and the rates of oxygen removal and 
of coal liquefaction. -The most important 
factor in determining the rate of hydrogen 
consumption is the temperature, whereas 
almost complete liquefaction and extensive 
oxygen removal can be obtained at com¬ 
paratively low temperatures and with rela¬ 
tively little utilization of hydrogen. The 
presence of a reservoir of reactive hydro- 
aromatic compounds that will transfer hy¬ 
drogen to the products of the thermal de¬ 
composition of the coal substance is largely 
responsible for this apparent lack of direct 
dependence of the liquefaction and oxygen- 
removal rates on the rate of hydrogen con¬ 
sumption. For the maintenance of this 
reservoir of reactive hydroaromatics, active 
catalysts and high pressures of hydrogen 
are essential. 

3. The data on the rate of hydrocarbon 
gas formation are in most respects similar 
to those for the hydrogen-consumption rate, 
except that there is little or no effect of the 
tin sulfide catalyst on the rate of the former 
process. The data for Ihe rate of carbon 
dioxide formation are similar to those for 
the rates of coal liquefaction and oxygen 
removal. It is probable, therefore, that 
formation of carbon dioxide is coincident 
with the primary thenufil decomposition 
of the coal substance. 

4. The data on the rates of ammonia 
formation are markedly different from 
those for the rates of any of the other coal- 
hydrogenation reactions. The rates of am¬ 
monia formation during the first 2 hours 
are very slow and virtually the same for all 
temperatures. After the second hour, these 
rates increase rapidly for temperatures 
above 370* C and, up to removal of 25 
percent of the total nitrogen, show no 


tendency to decrease with increasing time. 
For all the other coal-hydrogenation re¬ 
actions the rates increase very rapidly dur¬ 
ing the first hour and decline sharply at 
longer contact times. One possible explana¬ 
tion of the exceptional character of the 
ammonia-formation rates is that the nitro¬ 
gen atoms are centrally located in the units 
of the coal structure, so that rupture of 
many carbon-to-carbon bonds precedes that 
of carbon-to-nitrogen bonds. A further in¬ 
dication of the extraordinary stability of 
the nitrogen group is the fact that the 
nitrogen contents of the pitch and the 
sulfur- and ash-free residue are about the 
same. 

Morikavra and his associates have 
studied the effect of water vapor and of 
stannous chloride on the hydrogenation of 
coal in a 1-liter rotating autoclave. Their 
results indicate that the primary step of 
coal liquefaction occurs at temperatures 
of about 300* C and higher. This step is 
the production of bitumen upon fusion of 
the coal substance at about 340* C. It is 
accelerated by the presence of 5 to 20 per¬ 
cent of water and is profoundly affected 
by prolonged heating at low terniieratures 
The rate of production of nonnally gase¬ 
ous hydrocarbons is but slightly affected 
by the presence of a catalyst such as stan¬ 
nous chloride, and Morikawa and Ins asso¬ 
ciates stated that the primary coal lique¬ 
faction reaction may be the change occur¬ 
ring inside the polymer molecules of the 
coal substance and have little to do with 
the side chains, which yield gaseous hydro¬ 
carbons upon hydrogenation. These au¬ 
thors believed that the primary reaction 
of coal liquefaction is the depolymerization 
of the coal substance, which involves some 

80 Morikawa, K, Abe, R., Okainura, T., aiJ<l 
Yamagata, K., J. 8oo. Chem. Ind. {Japan), 41* 
Suppl. Bind., 431-4 (1938). 

81 Morikawa, K., and Yamagata, K., ibid ^ 41, 
434-6 (1988). 
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hydrogenation and deoxygenation but little 
cracking (carbon-to-carbon normal valence 
bond rupture). 

Tests were made at the British Fuel Re¬ 
search Laboratory 3® in a small-scale liq¬ 
uid-phase continuous plant of about 35 
pounds of coal per day capacity on the 
effect of pressure, temperature, and con¬ 
tact time. Pressure variations were from 
180 to 250 atmospheres; the effect was 
very small in this pressure range. The ef¬ 
fect of increasing the paste input was to 
increase the heavy-oil product (boiling 
point above 310°) from zero at 1.2 pounds 
per hour to 22.9 percent at 2.2 pounds per 
hour. The temperature range siudied was 
420 to 460° C. The yield of insoluble resi¬ 
dues was almost constant Ihroughout, in 
contrast with the results of Hirst and his 
CO workers,®® given in Table IX. The yield 

TABLE IX 

Effkct of Temperature on Hydrogenation 
OF Pittsburgh Seam Coal 

Contact time: 2 hours. Catalyst: 0.5 percent 
SnS + 0.5 percent MoOs, Pressure: 200 at¬ 
mospheres. All figures are in percentage of 
dry, ash-free coal. 



Ash-Free 


Normally 



Bonzone- 

Benzene- 

Gaseous 


Temperature, 

ln8olui)1c 

Soluble 

Hydro¬ 

HydroReu 

T 

Residue 

Oils 

carbons 

Aiworbed 

420 

16.3 

73.0 

10.4 

5.8 

433 

11.3 

71.0 

20.7 

6.1 

447 

7.2 

67.0 

35.2 

7,7 

459 

6.3 

57.0 

.39.8 

7.8 


of heavy oil decreased with temperature 
until it vanished at 460° C. Although 
some increase in gasoline (boiling point be¬ 
low 200° C) and middle oil (boiling point 
200 to 310° C) accompanied this, there was 
also a large increase in gas formation. 

The effect of temperature in the liquid- 
phase continuous hydrogenation of Pitts¬ 
burgh Seam coal calculated from the re- 
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suits obtained by Hirst and his cowork¬ 
ers 3® is shown in Table IX. 

The fraction of unreacted ash-free coal 
decreases markedly with temperature be¬ 
tween 420 and 460° C, but the increased 
liquefaction does not result in an increased 
oil yield; the oil yield decreases, in fact, 
owing to a rapid increase in the amount of 
normally gaseous hydrocarbons produced. 
The effect of varying contact time, calcu¬ 
lated from Hirst’s data,®® is shown in Ta¬ 
ble X. The increase in carbonaceous in- 

TABLE X 

Effect of Contact Time on Hydrogena¬ 
tion OF Pittsburgh Seam Coal 

Temperature: 440° C. Pressure: 200 atmos¬ 
phere. Catalyst: 0.5 percent SnS + 0.5 per¬ 
cent M 0 O 3 . All figures are in percentage of 
dry, ash-free coal. 



Ash-Free 

Benzene- 

Benzene- 

Normally 


Contact 

Insolublo 

Soluble 

Gaseous 

Hydrogen 

Time* 

Residue 

Oils 

Hydrocarbons 

Absorbed 

hours 





4.0 

0.0 

72.0 

33.8 

12.5 

2.0 

3.0 

74.0 

21.8 

6.9 

1.80 

6.8 

77.0 

18.0 

7.4 

1.64 

7.9 

77.5 

16.0 

5.7 

1..50 

13.4 

68.5 

14.6 

6.2 


* This time is the number of hours required 
to pump one converter volume of paste. The 
heavy-oil slurry containing the unreacted coal 
was at reaction temperature for about 1.5 times 
the indicated contact time, owing to the continu¬ 
ous evaporation and removal of low-boiling prod¬ 
ucts in the stream of hydrogen passing through 
the converter. 

soluble residue and decrease in yield of 
gaseous hydrocarbons with decreasing con¬ 
tact time is accompanied by a slow in¬ 
crease in oil yield. The oil yield, however, 
reaches a maximum for contact times of 
about 1.6 hours and then decreases for 
shorter times. This maximum is due to 
the fact that for any given type of mole¬ 
cule solubility in benzene is determined 
largely by molecular weight. When the 
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contact time is too short to reduce the mo¬ 
lecular weight below a certain limit, the 
oil yield, as measured by benzene solubil¬ 
ity, must decrease. This explanation also 
accounts for the somewhat abrupt increase 



Fio. 6. Effect of temperature on yield of dif¬ 
ferent products in liquid-phase liydroReuation of 
coal.^* 


in benzene insolubles for contact times less 
than about 1.6 hours. 

The effects of temperature and contact 
time on the yield of the various products 
of coal hydrogenation are shown graphi¬ 
cally in Figs. 6 and 7, respectively, con¬ 
structed by Gordon.^® The changes in 
yield of oil gas, organic solids, etc., are 
similar to those presented in Tables IX 
and X. In both sets of data the total 
yield is greater than 100 percent of the 
moisture- and ash-free coal, owing to hy¬ 
drogen absorption. 

The effects of temperature and contact 


time are analogous, higher temperature be¬ 
ing equivalent to a longer contact time. 
This equivalence applies even to the maxi¬ 
mum in the oil yield as a function of con¬ 
tact time. Although Table IX does not in¬ 
dicate a maximum oil yield as a function 
of temperature it is very likely that such a 
maximum would be found at a tempera¬ 
ture between 380 and 410® C. The last 
columns of Tables IX and X, presenting 
the hydrogen absorption as a function of 
temperature and contact time, respectively, 
show that the equivalence of these two 
variables for hydrogen absorption exists. 

The markedly exothermic nature of the 
coal-hydrogenation reaction makes it nec¬ 
essary to have some means whereby the 
heat of reaction can be dissipated rapidly. 
In large coal-hydrogenation plants tem¬ 
perature control is facilitated by the intro¬ 
duction of a stream of cold hydrogen,®^ 
ammonia,®® or other fluids at several 
points in the converter systems for both 
liquid and vapor-phase hydrogenation. 

Pressures of at least 200 atmospheres of 
hydrogen are found to be desirable in liq¬ 
uid-phase hydrogenation of coal at tem¬ 
peratures of about 450° C. At appreciably 
lower pressures, repolymerization occurs 
and coke is formed. The work of Pott and 
Broche showed that 80 to 90 percent of 
the carbonaceous material in lutuminous 
and subbituminouR coals is rapidly dis¬ 
solved by Tetralin-phenol mixtures at 390 
to 410® C under the pressure created by 

82 International Hydrogenation Patents Co., 
Ltd., Fr. Pats. 812,160, 817,287 (1937) ; Brit. 
Pat. 486,492 (1938). 

83 I. G. Farbeninduatrie A.-G., Ger. Pat. 633,- 
826 (1936). International Hydrogenation Pat¬ 
ents Co., Ltd., Pat. 794,025 (1936) ; Brit. 
Pat. 444,936 (1936). Standard I. G. Co., U. S. 
Pat. 2,120,295 (1938). 

84 International Hydrogenation Patents Co., 
Ltd., Fr. Pats. 827,024, 830,548 (1938) ; Brit. 
Pat. 497,382 (1938). 
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the reaction mixture, i.e., with no added 
hydrogen. 

The equilibrium partial pressure of hy¬ 
drogen for the tetrahydronaphthalene- 
naphthalene equilibrium at 450® C has been 
reported to be about 10 atmospheres.®® 
Hence it is thermodynamically probable 

85 Maillard, A., Ann. combustibles Uquides, 9, 
1013-70 (1934). 


that hydrogen pressures greater than 10 
atmospheres are not necessary for the pri¬ 
mary liquefaction of coal. Two other pos¬ 
sible functions of high-pressure hydrogen 
are: (1) to increase the amount of dis¬ 
solved hydrogen, and (2) to accelerate the 
regeneration of hydroaromatic compounds 
such as tetrahydronaphthalene which serve 
as hydrogen carriers. It is probable that in 
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liquid-phase coal hydrogenation the satu¬ 
ration of the unsaturated molecules pro¬ 
duced by the thermal decomposition of the 
coal is accomplished mainly by reaction 
with hydroaromatic compounds and‘ to 
only a very minor extent by reaction with 
dissolved or catalytically adsorbed hydro¬ 
gen. Hence the chief function of high hy¬ 
drogen pressures and catalysts is probably 
the rapid regeneration of hydroaromatic 
compounds. The slow step in such regen¬ 
eration may be the diffusion of one or both 
reactants to the catalyst surface. 

As an example of the practical impor¬ 
tance of high pressures in liquid-phase coal 
hydrogenation Pier®® stated: 

The conversion of old coals or of asphalts of 
high molecular weight, which goes but slowly 
at 200 to 300 atmospheres, proceeds without 
difficulty and at a satisfactory rate for large- 
scale production at considerably higher pres¬ 
sures, e.g,, 700 atmospheres or more. 

The results of experiments by King,®^ 
given in Table XI, show the effect of pres- 

TABLE XI 

Effect of Pkessure in Liquid-Phase Coal 
Hydrogenation ^ 


Pressure Products 


Initial 

Maximum 

Solids 

Water 

ou 

atmos¬ 

atmos¬ 

per¬ 

per¬ 

per¬ 

pheres 

pheres 

cent 

cent 

cent 

80 

203 

41.2 


37.2 

100 

245 

26.1 

6.1 

50.2 

120 

283 

21.6 

6.4 

56.7 

sure on 

the hydrogenation 

of Beamshaw 


coal at 445° C in the absence of a catalyst 
in small autoclaves. 

In the vapor-phase destructive hydro¬ 
genation of oils obtained by hydrogenation 
of coal or coal tar in the liquid phase, high- 
pressure hydrogen is essential in order to 

86 Pier, M., Trana. Faraday 8oc., 85, 967-79 
(1989). 

87 King, J. G., J. Inst. Fuel, 0, 823-9 (1936). 


avoid condensation reactions leading to 
coke formation. It is not known, however, 
whether the necessity for high hydrogen 
pressures is of thermodynamic or of kinetic 
origin. Destructive hydrogenation reac¬ 
tions may be written and their equilibrium 
relationships calculated from specific heat 
data, which indicate that, thermodynami¬ 
cally, hydrogen pressures above 10 to 50 
atmospheres are not necessary. Thus, for 
example, Sweeney and Voorhies ®® wrote the 
reactions: 

CioHg + 4 H 2 = C6H6 + C4H10 

naphthalene + hydrogen * benaene + butane 

C14H10 + 3H2 == CeHe -f- CsHio 

anthracene -f- hydrogen = benzene + w-xylene 

and calculated the equilibrium constant- 
temperature-pressure relationships from 
low-temperature specific-heat measure¬ 
ments. Their calculations showed that in 
the temperature range 450 to 480° C ap¬ 
proximately 10 atmospheres pressure of 
hydrogen is sufficient to obtain a commer¬ 
cially satisfactory yield (about 50 percent 
conversion per pass), assuming that the 
reaction rates are large enough so that 
equilibrium may be reached in one pass 
at a reasonable space velocity. However, 
much higher hydrogen pressures, namely, 
200 to 500 atmospheres, are found desir¬ 
able in vapor-phase hydrogenation of oils. 
It is possible that much higher tempera¬ 
tures exist on the surfaces of the catalysts 
than in the gas phase, owing to the net 
exothermicity of the oil hydrogenation re¬ 
actions, and at such higher temperatures 
correspondingly greater pressures of hy¬ 
drogen are necessary for a satisfactory 
yield. It is more probable, however, that 
the desirability of 200 to 500 atmospheres 
of hydrogen is determined by reaction 

88 Swpoiiey, W. J., and Voorhies, A., Ind. Eng 
Chem. 26, 195-8 (1934). 
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rates at the catalyst surface rather than 
by thermodynamic relationships. 

Characteristics of Oils Produced in 

Liquid-Phase Hydrogenation of Coal 

Coal is usually hydrogenated for the 
single purpose of producing hydrocarbon 
fuels. Consequently, there has been little 
incentive to study the characteristics of in¬ 
termediate products such as the ^^rniddle” 
oil (boiling range 210 to 330® C) from liq¬ 
uid-phase hydrogenation. As a source of 
organic chemicals, however, this intermedi¬ 
ate product is most interesting and merits 
examination. The middle oils from liquid- 
phase coal hydrogenation contain benzene, 
toluene, xylene, cyclohexane, methylcyclo- 
hexane, about 20 percent of tar acids (phe¬ 
nol, cresols, xylenols), and 2 to 5 percent 
of nitrogen bases. On a unit basis these 
chemicals are more valuable than gasoline, 
and they are now produced and used in 
large quantities. Because of continued 
rapid expansion in the resin, lacquer, and 
solvent industries, larger amounts of many 
of these chemicals may be needed. It is 
indeed possible that, contrary to the situa¬ 
tion in Europe, where in 1939 about 1,000,- 
000 tons of gasoline and Diesel fuel were 
produced by coal hydrogenation, the first 
commercial exploitation of thi.s process in 
the United States will have for its main 
purpose the production of bulk organic 
chemicals such as phenol, cresols, xylenols, 
benzene, toluene, xylene, solvent naphtha, 
naphthalene, tetrahydronaphthalene, and 
pyridine bases. However, the oil products 
of liquid-phase coal hydrogenation cannot 
be properly evaluated as a source of or¬ 
ganic chemicals and solvents until more is 
known about their composition. 

Heyn and Dunkel gave a detailed de¬ 
scription of the oils obtained in the liquid- 

89 Heyn, M., and Dunkel, M., Brennatoff - Ohem ., 
7, 20-6, 81-7, 246-60 (1926). 
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phase hydrogenation of a Lower Silesian 
coal. Unwashed coal dust containing 17.7 
percent ash, 28.5 percent volatile matter, 
and an unusually high proportion of fusain 
was made into a paste with half its weight 
of an oil from a previous hydrogenation. 
This paste was hydrogenated in a continu¬ 
ously operating plant of about 15 pounds 
per hour capacity. The oil yield, which in¬ 
cluded 3.36 percent gasoline stripped from 
the gas, was 36.5 percent of the raw coal. 
The distribution of tar acids and bases is 
shown in Table XII. The total distillate 

TABLE XII 

Distribution of Phenols and Nitrogen 
Babes in a Hydrogenated-Coal Distil¬ 
late®* 


Fraction 

PresBuro 

Neutral 

Oil 

Tar 

Acids 

Tar 

Bases 


mm 

per¬ 

per¬ 

per¬ 


mercury 

cent 

cent 

cent 

To 180 

760 

80.7 

18.0 

1.3 

180-220 

760 

61.2 

34.2 

4.6 

To 150 

15 

81.4 

14.1 

4.5 

150-190 

15 

80.4 

6.1 

4.4 

190-230 

15 

90.7 

3.2 

2.0 


contained 75.7 percent neutral oils, 12 per¬ 
cent tar acids, 3.5 percent bases, and small 
amounts of carboxylic acids, resin, and 
sediment. 

The data of Table XII show that the 
lower tar acids (phenol, cresols, and xyle¬ 
nols) and the higher tar bases predomi¬ 
nate. l^henol constituted 10.3 percent of 
the total tar acids; 66.5 percent of the to¬ 
tal tar acids was the sum of the phenol 
l)lus cresols plus xylenols. The basic frac¬ 
tion contained several primary amines 
(aniline, toluidine, and xylidine) and un¬ 
identified secondary and tertiary nitrogen 
bases; collidine, (juinoline, and quinaldine 
were identified. The gasoline condensed 
from the gaseous hydrogenation products 
contained benzene, toluene, xylene, and 
large quantities of their hexahydro deriva^ 
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tives. The low-boiling fraction of the main 
product had an analogous composition. 
The fraction boiling at 180 to 220’ C con¬ 
tained naphthalene and its tetrahydro and 
decahydro derivatives. A small amount of 
paraffin and considerable quantities of aro¬ 
matics such as phenanthrene, carbazole, 
anthracene, and fluorene were obtained 
from the neutral oil. 

By batch hydrogenation in small auto¬ 
claves of Maria Luisa long-flame coal, Per- 
tierra®® obtained an oil that contained 32 
percent phenols and 8.2 percent nitrogen 
bases. The neutral oil boiling at 95 to 
146® C contained 52 percent aromatic hy¬ 
drocarbons (mainly benzene, toluene, and 
the xylenes), ^8.7 percent saturates, and 
7.3 percent unsaturates. The tar acids in¬ 
cluded phenol, pyrocatechol, and o- and 
m-cresol; the tar bases contained pyridine 
and 2,4-dimethylpyridine. Most of the 
bases were tertiary (68.6 percent), but 3.8 
percent of primary and 27.6 percent of 
secondary bases were present. 

The work of a number of British investi¬ 
gators shows that hydrogenation of Beam- 
shaw,®^ Parkgate,®^ Lanarkshire,®^ and 
Mitchell Main®® coals yields considerable 
quantities of tar acids, tar bases, and aro¬ 
matic oils boiling from room temperature 
to 360’ C. Similar results were reported 
for Japanese ®^ and Canadian coals. 

An oil obtained by hydrogenation of a 
brown coal was described by Tropsch and 

90 Pertlerra, J. M., Anales soc. capan. fls. 
quim., 28» 792-806 (1930), 80, 792-3 (1932). 

91 Horton, L., Williams, F. A., and King, J. 
G., Dept, Bci. Ind. Research (Brit.), Fuel Re¬ 
search Board, Tech. Paper 42 (1936), 68 pp. 

92 Dept. 8ci. Ind. Research (Brit.), Fuel Re¬ 
search Board, Kept, for Year Ended March, 19S0, 

pp. 106-6. 

08 Bakes, W. B., Dept. 8ci. Ind. Research 
{Brit.), Fuel Research Board, Tech. Paper 37 
(1933), 214 pp. 

94 Uchida, M., J. Fuel Soc. Japan, 14, 38-44 
(1935). 


Ter-Nedden.®® This oil contained 22 per¬ 
cent tar acids and 3.5 percent nitrogen 
bases. Of the tar acids boiling to 280’ C, 
23, 11, and 14 percent, respectively, were 
phenol, o-cresol, and m-cresol. 

Several patents mention the isolation of 
many polynuclear aromatic compounds of 
high molecular weight from coal-hydrogena- 
tion products. Sometimes the actual isola¬ 
tion is preceded by dehydrogenation. Prod¬ 
ucts of this kind include pyrene,®®' ®^' 
chrysene,®®' ®® retene,®® fluoranthene,®^ 
carbazole,®^ methyl- and dimethylpy- 
renes,®^ 1,12-benzoperylene,®^'®®'coro- 
iiene,®^' ®®' picene,®® fluorene,methyl- 
anthracene,’®’ and naphthalene.’®’ 

The products of the hydrogenation of 
bituminous coals are largely aromatic and 
naphthenic in nature, whereas appreciable 
yields (about 12 percent) of the paraffin 
hydrocarbons have been reported in the 
hydrogenation of German brown coals.’®- 
The process for these coals begins with 
liquid-phavse hydrogenation followed by a 
distillation of the primary liquefaction 
product. The light-oil fractions are sub¬ 
jected to vapor-i)hase hydrogenation to 
yield gasoline. Some of the middle oils are 
suitable (after removal of phenols) for 
Diesel fuel. The heavier fractions are used 
to provide raw material for lubricating-oil 
production and the pasting fluid for the 
lignite. Removal of asphalt, tar acids and 

o.’i Troi]\sph, H., and Ter-Nodden, W., Brenn- 
stoff-Chem., «, 14;i-5 (3925). 

96 I. G. Farbenindustrie A.-G., Brit. Pat. 436,- 
254 (3935). 

07 I. G. Farbenindustrie A.-G., Brit. Pat. 470,- 
338 (3936). 

98 I. G. Farbenindustrie A.-G., Brit. Pat. 497,- 
089 (3937). 

99 I, G. Farbenindustrie A.-G., Ger. Pat. 655,- 
103 (1938). 

100 Seholl, R., and Meyer, K., Ber., 71, 407 
(1938). 

101 1. G. Farbenindustrie A.-G., Ger. Pat. 659,- 
878 (1938). 

102 International Hydrogenation Patents Co., 
Ltd., Brit. Pat. 460,721 (1936). 
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bases, and solid paraffins from the heavy 
oils results in an oil that is reported to be 
a fair lubricant. The asphaltic constitu¬ 
ents are removed by vacuum distillation or 
solvent extraction, the asphalt being recir¬ 
culated into the primary liquefaction stage. 
The asphalt-free heavy oil is then hydro¬ 
genated in liquid phase by means of special 
catalysts, and subsequently dewaxed. Ta¬ 
ble XIII gives the yield from two different 

Table XIII 

Yield of Gasoline, Lubricating Oil, and 
Paraffin Wax in Hydrogenation of Lig¬ 
nite * 

Lignite 1 Lignite 2 
percent 

Gasoline (60-66 octane) 33 37 

Lubricating oil 13 13 

Paraffin 11 7 

lignites; the figures are percentages of ash- 
and moisture-free lignite, as jiresentcd by 
Pier.** 

The lubricating oils obtained from lig¬ 
nite by hydrogenation may be of various 
grades. Their quality may be controlled 
by the choice of catalyst and the temjiera- 
ture and jiressure of the final liquid-phase 
hydrogenation. The viscosity index of 
these oils is about S5, which is satisfactory 
for use in automobiles. The jiurity and 
melting point of the paraffin wax obtained 
by lignite hydrogenation are the same as 
those of paraffin wax from natural pe¬ 
troleum. 

The products of the Bureau of Mines 
liquid-phase assayof the coals listed in 
Table I contained about 20 percent boiling 
in the gasoline range and 70 percent dis¬ 
tilling between 200 and 330“ C. About 25 
percent by volume of this oil was phenolic. 
The yield of tar acids as percentage of the 
dry, ash-free coal is given in Table XIV. 
The coals are the same as those of Table I. 


The cotnmercially important tar acids, 
those boiling below 235® C, contain about 
50 percent xylenols, 40 percent cresols, and 
10 percent phenol. It is estimated that 
upon recycling the tar acids boiling above 
235® C, 25 percent would be converted into 
low-boiling tar acids and 75 percent into 
hydrocarbons. The highest yields of low- 
boiling tar acids were obtained from Pitts¬ 
burgh Seam bituminous coal, Monarch No, 
45 subbituminous, and Velva lignite. 

Perhaps the most significant data to be 
correlated wfith rank are those given for 
the total yield of aromatic oil in the sev¬ 
enth column- of Table XIV. With the ex¬ 
ception of the Mary Lee Seam coal (No. 1) 
there is a steady decrease in yield of aro¬ 
matics with increasing oxygen content of 
the coal (second column, Table XIV). 

The third column of Table XIV shows 
that there is little, if any, trend with rank 
of coal observable in the hydrogen used 
per ton of coal. However, the hydrogen 
used per ton of oil produced (column 3, 
Table XIV, divided by column 11, Table 
I) increases from about 0.12 ton for bitu¬ 
minous coals to about 0.15 ton for lignites. 
This increase is much smaller than one 
might have jiredicted upon considering the 
oxygen contents (column 2, Table XIV) of 
the coals. This somewhat surprising result 
is apparently due to removal of most of 
the oxygen as carbon dioxide rather than 
as water, when the original oxygen content 
of the coal exceeds about 10 percent.^®® 

The neutral oils obtained in the Bureau 
of Mines assays contained 40 to 70 percent 
of aromatics, about 10 percent of olefins, 
and 20 to 50 percent of saturates contain¬ 
ing approximately equal parts of paraffins 
and naphthenes. The aromatic content of 
the neutral-oil fractions increased with in- 

103 Fisher, C. H., Sprunk, 6. C., Eisner, A., 
Fein, M. L., Clarke, L., and Storch, H. H., Fuel, 
19, 16-20 (1940). 
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Bureau of Mines Experimental Plant Assays, Percentage op Dry, Ash-Free Coal” 


Oxygen ,---, Tar Bases 


Coal 

Content 

Hydrogen 

Distilling 

Distilling 

Distilling 

Total 

No. 

of Coal 

Used 

to 235** C 

235 to 330® C 

to 330® C 

Aromatics 

1 

5.0 

8.5 

3.9 

3.5 

2.3 

32.8 

2 

6.8 

9.0 

7.6 

3.5 

2.8 

40.9 

3 

10.0 

8.5 

4.4 

7.0 

1.3 

37.1 

4 

12.5 

7.6 

4.9 

8.1 

3.2 

27.7 

5 

16.4 

9.7 

6.2 

6.0 

2.6 

28.2 

6 

16.2 

7.5 

6.9 

6.9 

1.8 

26.4 

7 

16.9 

8.5 

7.8 

7.1 

2.8 

25.4 

8 

19.4 

8.0 

5.3 

6.1 

1.3 

23.5 

9 

21.2 

7.0 

8.0 

6.1 

1.8 

22.1 


creased boiling point, and aromatic hydro¬ 
carbons predominated in all the fractions 
above 188® C. The 20 to 188® C neutral- 
oil fractions contained 18 to 36 percent 
aromatic and 55 to 71 percent saturated 
hydrocarbons. 

The saturated oils remaining after sev¬ 
eral extractions with an excess of sulfuric 
acid had comparatively low refractive in¬ 
dexes, indicating the presence of consider¬ 
able amounts of paraffin hydrocarbons. An 
estimate of the paraffinicity was made by 
comparing the refractive indexes and boil¬ 
ing points with those of typical pure com¬ 
pounds. The first fraction (20 to 188° C) 
contained, on the average, about 0.5 ring 
per molecule; therefore, this fraction con¬ 
tained about 50 percent paraffins. The 
higher fractions contained 0.8 or 0.9 ring 
per molecule, and the average molecules 
could be pictured as alkyl cyclohexanes. 
Probably the paraffins present are mainly 
of the branchod-chain type. Because of 
the highly cyclic structure usually attrib¬ 
uted to coal, it should be stated that the 
content of paraffins corresponds to about 
10 percent of the dry, ash-free coals. For 
the higher fractions of saturated hydro¬ 
carbons, the production of cyclohexane de¬ 


rivatives would require the rupture of two 
or three rings. 

A sample of about 10 liters of assay oil 
from Pittsburgh coal was separated into 
tar acids, tar bases, and neutral oil by ex¬ 
traction with sodium hydroxide and sul¬ 
furic acid solutions. Ether or benzene ex¬ 
traction was employed to remove tar 
bases and acids from the amine sulfate and 
sodium ])henolate solutions, respectively. 
This separation yielded 17.3 percent tar 
acids and 5.8 i)ercent tar bases by volume 
(19.0 and 6.2 percent by weight). 

From the distillation curves for the neu¬ 
tral oil, tar acids, and tar bases it was es¬ 
timated that about 35 percent of the tar 
acids was jffienol and cresol and about 30 
percent was xylenols. Distillation of the 
lower tar acids through a more efficient 
column showed that the phenol fraction, 
which solidified on standing at room tem¬ 
perature, amounted to about 8 percent of 
the total tar acids. The approximate com¬ 
position of the tar acids is shown at the 
top of the next page. 

Since most of the tar bases boiled above 
190® C, pyridine and its methyl and di¬ 
methyl derivatives (picolines and lutidines) 
were present only in small quantities. Tar 
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PbRC£NTAGE of 
Total Tab Acids 


Phenol 8 

Cresols 27 

Xylenols 30 

Higher phenols 35 


100 

bases of high boiling point that might have 
been present are tri- and tetramethylpyri- 
dines, toluidine, indole and its alkyl deriva¬ 
tives, quinoline and its alkyl derivatives, 
isoquinoline, and naphthylamines. 

The neutral oil boiling below 200“ C was 
examined further to obtain an estimate of 
the benzene, toluene, xylenes, naphthenes, 
and paraffins present. The data shown in 
Table XV were obtained by distilling 787 
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17 inches. Olefins and aromatics were de¬ 
termined by extracting 5 cubic centimeters 
of oil successively with 85 and 98 percent 
sulfuric acid. 

Large quantities of saturated hydrocar¬ 
bons were in the neutral oil, especially in 
the lower fractions (Table XV). The aro¬ 
matic hydrocarbon content increased with 
molecular weight or boiling point. The 
aromatic hydrocarbons in fractions 2 and 
3 were principally benzene and toluene, re¬ 
spectively, and the data in Table XV can 
be used to estimate the amounts present. 
It is possible that some of the olefins re¬ 
moved by extraction with 85 percent sul¬ 
furic acid contained aromatic rings—sty¬ 
rene and indene, for example. * 


TABLE XV 

Neutral Oil Boiling below 200® C from Pittsburgh Overhead Oil »• 


Boiling range, ®C 

20-70 

70-100 

100-125 

125-150 

160-175 

175-200 

Percent of neutral oil by volume 

0.57 

2.1 

2.2 

4.1 

2.3 

2.3 

Refractive index of neutral oil at 

20“ C 

1.4167 

1.4224 

1.4306 

1.4478 

1.4613 

1.4831 

Olefins, percent of fraction 


9.0 

6.5 

5.5 

4.0 

3.0 

Aromatic hydrocarbons, percent of 

fraction 


15.5 

20.5 

32.6 

39.5 

53.0 

Saturated hydrocarbons, percent of 

fraction 


75,5 

73.0 

62.0 

56.5 

44.0 

Saturated oil: 

refractive index of saturated hy¬ 
drocarbons at 20° C 


1.4145 

1.4166 

1.4236 

1.4306 

1.4361 

Average number of rings per mol- 

ecule * 


0.9 

0.7 

0.7 

0.6 

0.7 

Naphthenes, percent t 


86 

70 

70 

69 

65 

Paraffins, percent f 


14 

30 

30 

31 

35 


♦ Estimated from boiling point, refractive index curves of pure compounds, 
t Prom boiling point, refractive index chart of McArdle and coworkers. See ref. 104. 


cubic centimeters of neutral oil from the 
Pittsburgh assay oil through a column 
packed with glass helices over a length of 

104 McArdle, E. H., Moore, J. C., Terrell, H. 
D., and Haines, E. C., Ind. Eng. Chem., Anal. 
Ed., 11, 24g-50 (1939). 


The saturated hydrocarbons were iso¬ 
lated for further study by several extrac¬ 
tions with an excess of 98 percent sulfuric 
acid. As judged by refractive indexes, all 
fractions of the saturated oil were pre¬ 
dominantly naphthenic (Table XV). The 
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low-boiling saturated hydrocarbons from 
Washington and Colorado coals were about 
50 percent naphthenic. 

From the data obtained for the liquid- 
phase hydrogenation products of Pitts¬ 
burgh Seam coal, the estimate of Table 
XVI was made of the composition of the 

'TABLE XVI 

Composition of Low-Boiung Neutral Oil 
PROM Liquid-Phase Hydrogenation of Pitts¬ 
burgh Seam Coal 

Volume Percent 
of 20® to 210® C 


Constituent Fraction 

Benzene 1.5 

Toluene 2.1 

Xylene* 6.3 

Cyclohexane and 1 ^ ^ 

Methylcyclohexane | 

Dimethylcyclohexane 4.5 

l^etrahydronaphthalene 13.9 

Polyalkylbenzenes 65.6 


neutral-oil fraction boiling in the 20 to 
210® C range. 

Hydrogenation of Coal Tar 

Tar hydrogenation is a less cumbersome 
engineering task than coal hydrogenation, 
in that no solid materials other than a very 
small amount of catalyst powder must be 
introduced or removed from high-pressure 
vessels. In other respects the hydrogena¬ 
tion of tar presents the same problems as 
the hydrogenation of coal. Low-tempera¬ 
ture tar may be processed directly in the 
vapor phase; that is, the tar, mixed with 
some recycle oil, and hydrogen are passed 
through a body of catalyst granules held 
fixed inside the high-pressure vessel. High- 
temperature tars, however, must be proc¬ 
essed first in the liquid phase, in which a 
small amount of catalyst is mixed with the 
tar and the mixture pumped into the con¬ 
verter, and then the middle-oil product of 


the liquid phase is treated as described 
above for low-temperature tar. 

The hydrogenation of low-temperature 
tar has been studied in Great Britain,®^* 
Germany,^®® Japan,^®^ and Russia.^®® 

An experimental plant with a capacity 
of 1 to 2 tons (200 to 400 gallons) per day 
has been erected and operated at the Brit¬ 
ish Fuel Research Station in Greenwich.^®® 
Low-temperature tar was mixed with an 
equal volume of recycle oil and pumped 
along with 200 to 500 cubic feet of hydro¬ 
gen (measured at atmospheric pressure) 
per gallon of tar through a heat exchanger 
(reactants raised to 300® C) and preheater 
(to 400®), to the converter, where the re¬ 
action proceeded at 480® C and 200 atmos¬ 
pheres pressure. The 80® C difference be¬ 
tween preheater and converter was main¬ 
tained by the heat of reaction, which is 
about 360 Btu per pound or 200 calories 
per gram. The converter had a pressure 
retaining wall 3 inches thick, and was 16 
inches in inside diameter and 13 feet long. 
This wall was separated from the reaction 
chamber by an annulus of kieselguhr, which 

jo.iruwloy, C. M,, and King, J. G., Dept. 8ci. 
Ind. Kf’Hearch {Brit.), Fuel Research Board, 
Tech. Papers 41 (1935), 17 pp., 45 (1937), 45 
pp., 48 (1938), 55 pp., 51 (1939), 3G pp. 

io«WinhT, H., Free. G., and Moiniig, II., Oel 
u. Kohle, 12, 934 43 (193(>). liaiil, G., Berghau, 
60, 289-98, 303-9 (1937). 

107 Ando. S., J. 8oc. Chem. Ind., Japan, 37, 
Suppl. Bind., 357-61 (1934), 38, 145-8, 196-9, 
267-9 (1935), 30, 133-4, 278-80, 447-9 (1936), 
40, 12-4, 83-5, 124-5 (1937), 41. 191-3, 215 7, 
247-8, 292-5, 315-6, 386-91, 411-2 (1938), 42, 
27-9, 69-71, 147-50, 171-3, 213-5, 232-4, 268- 
71 (1939), 43, 35-40 (1940). J. Fuel Soc. 
Japan, 10. 21-30 (1937), 17, 32-42 (1938). 

108 Altman, L. S., Diner, I. S., Mitkalev, B. A., 
Nemtsov, M. S., and Ryskin, M. I., Khim. Tver- 
dogo TopUva, «, 926-42 (1935), 7, 31-48 (1936). 

100 King, .1. G., and Shaw, J. F., Trans. Chem. 
Engr. Congr., World Power Vonf., 3, 463-99 
(1936). Tupliolme, C. H. S., Ind. Eng. Chem , 
News Ed., 10, 221 (1938). Cawley, C. M., and 
King, J. G., Dept. 8ci. Ind. Research (Brit.), 
Fuel Research Board, Tech. Paper 51 (1939), 
36 pp. 
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yerved to keep the pressure retaining wall 
cold. The reaction space or catalyst bas¬ 
ket was 8 inches in diameter and 11 feet 
long. The catalyst consisted of to %- 
inch particles of alumina gel impregnated 
with 25 percent of its weight of ammonium 
molybdate and subsequently heated in air 
at 500'* C to drive off the ammonia. In 
use, the molybdic acid was converted to 
molybdenum disulfide by the hydrogen sul¬ 
fide formed from the sulfur compounds in 
the tar. About 200 pounds of catalyst was 
re(pnred to fill the reaction chamber. 

The overall yield of oils boiling in the 
g.asoliiie range (20 to 200“ C) was about 
100 percent by volume and 72 percent by 
weight of the raw tar. These oils con¬ 
tained about 68 percent of saturated hy¬ 
drocarbons (paraffins plus naphthenes), 30 
l)ercent of aromatic hydrocarbons, and 2 
percent of olefins (see Table XXV). The 
hydrogen consumption was about 60 cubic 
feet per gallon of tar, or about 10 percent 
by weight of the tar. If the hydrocarbon 
gases formed were converted into hydrogen 
by reaction with steam, about 25 cubic feet 
of hydrogen would be generated per gallon 
of tar. It might, however, be more profit¬ 
able to make hydrogen from coke-oven gas 
and sell the hydrocarbon gases produced 
in tar hydrogenation as fuel gas. 

The catalyst slowly deteriorated, owing to 
the deposition of highly carbonaceous ma¬ 
terials on its surface, until after about 30 
days it was essential that it be regenerated. 
This was done by oxidation with air at 
500“ C until the initial activity was re¬ 
stored. This periodic life is equivalent to 
300 volumes of tar per volume of catalyst, 
or 400 i)ounds of tar per pound of molyb¬ 
denum disulfide. 

The procedure used for vapor-})hasc hy¬ 
drogenation of the middle oils from liquid- 
phase coal hydrogenation is virtually iden¬ 
tical with that for low-temperature tar. 


The yield of gasoline is about 100 volume 
percent and 70 percent by weight, and the 
composition of the gasoline is about the 
same as that given above for the product 
of low-temperature tar hydrogenation (see 
Table XXV). The significant differences 
in the comi)osition of the liquid-phase coal- 
hydrogenation products from various coals 
are greatly reduced upon further hydro¬ 
genation of these middle oils to gasoline. 
The composition of the gasoline produced 
is largely determined by the catalyst (see 
Table VI) and temperature of the vapor- 
phase operation.®® The introduction of 
two catalyst treatments in vaiK)r-phase 
hydrogenation results in greater control 
of the chemical composition and physical 
properties of the product. For example,^ 
a middle oil may be first hydrogenated by 
40 to 80 seconds contact at 300 to 440“ C 
with a powerful saturation and splitting 
catalyst, such as tungsten disulfide, to yield 
a mixture of gasoline and higher-boiling oil. 
This mixture is then treated at a higher 
temperature (450 to 600“ C) over a dehy¬ 
drogenating and splitting catalyst, such as 
an oxide of the sixth group of the periodic 
system (for example, chromium or molyb¬ 
denum), mixed with zinc oxide to give a 
highly aromatic product, which is then 
blended with the gasoline fraction from the 
first treatment using tungsten disulfide as 
catalyst. 

The effects of varying the pressure, tem¬ 
perature, contact time, and other impor¬ 
tant factors in vapor-phase hydrogenation 
of low-temperature tar have been sum¬ 
marized by King®^ and by Cawley and 
King.^^^ The effect of hydrogen pressure 
at constant contact time and temperature 
is shown in Table XVII for 480“ C, and 

110 International Hydrogenation PatentB Co., 
Ltd., Brit. Pat. 442,385 (1930). 

111 Cawley, C. M., and King, J. G., Dept. 8ci. 
Jnd. Research (Brit.), Fuel Research Board, 
Tech. Paper 4S (1937), 45 pp. 
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TABLE XVII 

Effect of Pressuke on Hydrogenation of 
Low-Temperature Tar at 480° C 


Pressure, atmo- 


spheres 

Gasoline yield 

100 

150 

200 

300 

400 

percent by 
weight of tar 

35.4 

36.3 

41.0 

41.8 

42.2 


the effect of temperature at constant con¬ 
tact time and pressure is illustrated by the 
data of Table XVIII for both 200 and 400 
atmospheres pressure. These data show 
that the gasoline yield increased with in¬ 
creasing hydrogen pressure for tempera¬ 
tures above about 430® C. Below this 
temperature, increased pressure had no ob¬ 
servable effect on the specific gravity of the 
product or on the yield of gasoline. The 
maximum effect of increased pressure at 
480® C appears to have been reached at 
about 350 atmospheres. At 480® C, an in¬ 
crease of about 25 percent in the amount 
of hydrogen consumed was noted in in¬ 
creasing the pressure from 200 to 400 at¬ 
mospheres. Since the yield of gasoline in¬ 
creased only from 41.0 percent at 200 at¬ 
mospheres to 42.2 percent at 4(X) atmos¬ 
pheres, it is apparent that the greater 
amount of hydrogen used was largely con¬ 
sumed in adding hydrogen to unsaturated 
and aromatic compounds. The effect of 


increased pressure on the length of the pe¬ 
riod of satisfactory catalyst activity was 
quite large. The catalyst deterioration was 
2.5 times slower at 400 atmospheres than 
at 200 atmospheres, despite the fact that 
the materials throughput was twice as great 
at the higher pressure. 

Table XVIII contains some data on the 
effect of temperature on tar hydrogenation. 
Since the original tar contained 7.0 per¬ 
cent of gasoline, it is apparent that little 
if any reduction in molecular weight was 
obtained at 300® C. The cracking reaction 
became appreciable at 350® C, the gasoline 
yield increased steadily with temperature, 
and presumably the yield of normally gase¬ 
ous hydrocarbons also increased with tem¬ 
perature, but the hydrocarbon yield was 
given for only one temperature and pres¬ 
sure, namely, about 14 percent for 480® C 
and 200 atmospheres. (Comparison of the 
results at 200 and 400 atmospheres and 
510® C in Table XVIII shows that in¬ 
creased pressure markedly increased the 
gasoline yield. The tar acids (or phenols) 
were not appreciably attacked at tempera¬ 
tures below 350® C; above this tempera¬ 
ture they were readily hydrogenated to 
produce water and hydrocarbons. 

Table XIX shows the effect of hydrogen 
to tar ratio at 480® C and 200 atmospheres. 


TABLE XVIII 


Effect op Temperature on Hydrogenation of Low-Temperatuue Tar 
at 200 AND 400 Atmospheres •* 


(Percentages by weight of tar treated) 


Pressure, 


1 


Temperature, 

°C 



atmospheres 

300 

350 

390 

430 

450 

480 

^10 


[ Specific gravity 

.... 

0.970 

0.930 

0.902 

0.887 

0.867 

0.847 

200 

Gasoline, percent 

7.2 

13.4 

19.7 

30.4 

34.2 

41.0 

46.0 


[ Tar acids, percent 

18.8 

19.0 

7.5 

1.1 





[ Specific gravity 


0.970 

0.930 

0.893 

0.875 

0.847 

0.815 

400 j 

Gasoline, percent 



20.7 

30.6 

35.5 

42.2 

56.0 


1 Tar acids, percent 



8.5 

1.2 
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Effect of Htdeogen-to-Tar Ratio on Hydrogenation of Low-Temperature Tar 
AT 480® C and 200 Atmospheres Pressure “ 

Hydrogen-to-tar molec¬ 
ular ratio 13 16 19 22 37 52 97 158 

Liquid product, specific 

gravity at 15®C 0.867 0.859 0.858 0.854 0.847 0.848 0.847 0.849 


Yield of gasoline, per¬ 
cent by weight of dry 

tar 40.5 42.9 44. 

The specific gravity of ^the liquid product 
decreased rapidly with increasing hydro- 
gen-to-tar ratio until that ratio reached 
about 40 (calculated on the bitsis of an 
average molecular weight of 250 for the 
tar). The gasoline yield increased to a 
maximum at a hydrogen-to-tar ratio of 
about 50. 

The data of Table XX show that the 
yield of gasoline per pass decreased only 

TABLE XX 

Effect of Contact Time in Hydrogenation 
OF Low-Tempbrature Tar at 480® C and 
400 Atmospheres Pressure 


Time of contact, min- 


utes 

20 

10 

5 

2 5 1.25 

Liquid product, ope- 
cific gravity at 15 “C 

0.811 

0.8.32 

0 847 

0 859 0 882 

1 lold of gasoline, per¬ 
cent l)v weight of 
dry tar 

66.3 

47 5 

42.5 

41 .3 36 5 


slowly with decreasing contact time (vol¬ 
ume of free sjiace in the converter divided 
by the volume of gas and vajiors passing 
per minute). Thus, by accepting a yield of 
36.5 rather than 56.3 percent of gasoline at 
400 atmospheres and 480° C, the volume of 
the converter may be reduced by a factor 

of about 10, that is, ^ 

1.25 X 56.0 

ther advantage of the shorter contact time 
IS that the catalyst deterioration per vol¬ 
ume of tar treated by 1 volume of catalyst 
decreases with decreasing contact time. 


0 44.2 44.5 45.8 45.2 44.9 

Results obtained in the British Fuel Re¬ 
sea rcn Laboratorywith various tars 
are presented in Table XXI. The gasoline 
yield decreased rapidly with increasing 
])itch content of the tar, and the rate of 
catalyst deterioration increased. For high- 
temperature tars the rate of catalyst de¬ 
terioration was fast enough to make it 
profitable to employ two stages of hydro¬ 
genation, that is, to start with liquid-phase 
operation in which a small amount of pow¬ 
dered catalyst is continuously pumped into 
the converter along with the tar at a reac¬ 
tion temperature of about 450° C. 

Very little information has been pub¬ 
lished on the hydrogenation of high-tem- 
licraturo tars. King®- stated that hori¬ 
zontal-oven tar IS more difficult to hy¬ 
drogenate than the product from veitical 
ovens. He also ]iresented some results ob¬ 
tained by Chemical Reactions, Ltd., in 
Great Britain on the liquid-phase hydro¬ 
genation of high-temperature tars. These 
results were obtained by using 0.5 percent 
of a catalyst (composition not disclosed) 
finely dispersed in the tar, 200 atmospheres 
pressure of hydrogen, and 430 to 440° C. 
The converter capacity was 5 liters, and 
the throughput 600 cubic centimeters per 
hour. The greater proportion of the prod¬ 
ucts vaporized and was carried out of the 
converter in the stream of hydrogen; the 
remainder was withdrawn as a liquid. The 
results are summarized in Table XXII. 
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TABLE XXI 

Yields and Catalyst Deterioration for Different Tars 

(480° C and 200 atmospheres; percentages by weight of dry, raw material) 

Percentage Specific 

of Pitch Percentage Percentage Gravity Yield of 



Specific 

(Material 

of 

of Neutral 

of Hydro¬ 

Gasoline 

Cata¬ 


Gravity 

Boiling 

Tar Acids 

Oil to 

genated 

or Neutral 

lyst 


of Tar at 

above 

in Raw 

200“ C 

Tar at 

Oil to 

Deteri¬ 

Origin of Tar 

15“ C 

360“ C) 

Material * 

in Tar 

15“ C 

200“ C 

oration t 

Dalton main coal, Parker retort 

1.035 

39.3 

22.3 

4.6 

‘ 0.868 

38.0 

0.8 

Dalton main coal, Fuel Research 

Laboratory cast-iron retorts 

1.049 

45.8 

18.3 

7.1 

.896 

32.9 

0.5 

Dalton main coal, Fuel Research 

Laboratory brick retorts, 5.7 

tons per retort per day 

Dalton main coal. Fuel Research 

1.058 

41.5 

19.3 

7.3 

.890 

41.2 

1.2 

Laboratory brick retorts, 10 

tons per retort per day 

1.073 

47.4 

15.4 

5.4 

.905 

30.1 

1.3 

Glover-West retorts, 18 percent 
of steam used during carboni- 

zation 

1.054 

50.5 

14.6 

3.4 

.898 

27.5 

2.1 

Glovei-West letorts 

1.077 

.51.2 

10.6 

2.0 

.920 

22.9 

3.8 


• The tar-acld content of the hydrogenated tar was about 0.5 percent In all cases, 
t Decrease In gasoline yield in percentage per 10 volumes of raw material per v<dume of catalyst. 


The most sensitive index of the change 
produced by hydrogenation is the ^‘naph¬ 
tha-insoluble, benzene-soluble” data. It is 
apparent that these figures are reduced 
considerably by hydrogenation. The hy¬ 
drogenation product contains no pitch in 
the usual sense of the word, for the frac¬ 
tion boiling above 360° C is a distillable oil. 

Cawley presented some data on the 

ii2rawlpy, C. M., Gns World, 103, Coking 
Sect., ai-a (iiiati). 


liquid-jihase hydrogenation of both low- 
and high-temperature tars, using 0.5 jier- 
cent molybdic acid and 0.5 jiercent stan¬ 
nous chloride as catalysts, 200 atmospheres 
pressure of hydrogen, and 450° C. His re¬ 
sults show that stannous chloride is a much 
better catalyst than molybdenum trioxide 
for the hydrogenation of high-temiierature 
tar. The British Fuel Research Board has 
reported the results of experiments at 
450° C and 2(X) atmosiiheres pressure on 


TABLE XXII 


Liquid-Phase Hydrogenation of'High-Temperature Tars®* 


Topped Coke- Topped Vertical- Topped Horizontal- Topped Chamber- 
Oven Tar Retort Tar Retort Tai Oven Tar 



Orig¬ 

Hydro¬ 

Orig¬ 

Hydro¬ 

Orig¬ 

Hydro¬ 

Orig¬ 

Hydro¬ 


inal 

genated 

inal 

genated 

inal 

genated 

inal 

genated 

Specific gravity of tar 

1.167 

1.085 

1,075 

1.016 

1.195 

1.122 

1.143 

1.054 

Yield percent by volume 


98 


96 


94 


98 

Naphtha *-in8oluble, ben sene-soluble 

67.0 

19.5 

35.0 

8.1 

42.5 

29.0 

53.0 

8.8 

Naphtha-insoluble, benzene-insoluble 

8.0 

2.5 

8.8 

1.7 

13.5 

9.4 

17.5 

0.9 

Oil to 360“ C 

38 

54 

69 

78 

25 

54 

48 

73 

Pitch 

60 

41 

28 

19 

73 

44 

50 

26 

Specific gravity oil to 360“ C 

.... 

1.005 


0.981 


1.030 


1.028 

Tar acids in oil to 360“ C 


10.2 


17.5 


11.0 


16.9 


* Petroleum solvent naphtha, b.p. 100 to 110** C. 
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the liquid-phase hydrogenation of high- 
temperature vertical-retort tar in an ex¬ 
perimental plant.The throughput was 
200 cubic centimeters per hour of tar (600- 
eiibic centimeters converter capacity) made 
by the carbonization of a Yorkshire gas 
coal. This tar hydrogenated almost as read¬ 
ily as low-temperature tar. Tests using 0.1 
to 0.5 percent of various catalysts (molyb¬ 
denum trioxide, hydrochloric acid, stannous 
chloride, and hydriodic acid) showed that 
the most satisfactory one was a mixture of 
0.1 percent molybdenum trioxide plus an 
equal quantity of hydriodic acid. Experi¬ 
ments with recycling of high-boiling prod¬ 
ucts for both low- and high-temperature 
tars from vertical retorts yielded the re¬ 
sults shown in Table XXIII. 


TABLE XXIII 


Rksdlts of Liquid-Phase Tar 
Hydrogenation 


Low- 

Teiupeiat uie 
Vertical- 
Retoit Tar 

Yield of oil* (percent by 
weiKht of dry tai): 

Gasoline to 170® C l.'i.O 

Middle oil 170 to 300® C 68.2 
Oil boiling above 300® C 3.9 


High- 

Teinperatuie 
Vertical- 
Retort Tai 


12.2 

70.1 

3.8 


The British Fuel Research Laboratory 
reported also the results of some pre¬ 
liminary experiments on the liquid-jihase 
hydrogenation of coke-oven tar made by 
the carbonization of Parkgate Seam slack 
coal. The temperature in the hottest point 
in the oven was about 1,250® C. The tar 
was of 1.17 specific gravity at 15® C, the 
free carbon and asphalt contents were 5.1 
and 45.9 percent respectively, and the resi¬ 
ns Hci. Ind. Rcesarch {Brit.), Fuel Ke- 
scaroh Board, Kept, for Year Ended March, i9S8, 
pp. 150-8. 

Dept. Hci. Ind. Research {Brit.), Fuel Re¬ 
search Board, Rept. for Year Ended March, 1989, 
pp. 134-7. 


due boiling above 360® C (“pitch”) was 60 
percent. This tar was hydrogenated in a 
continuously operating experimental plant 
with a capacity of 1 to 4 liters of tar per 
hour, and in the presence of 0.1 percent 
each of hydrogen iodide and molybdic acid 
as catalysts. The product was described 
as a dark greenish brown oil (specific grav¬ 
ity at 15® C, 0.985) containing 0.2 percent 
of free carbon and 1.8 percent of asphalt. 
The yield was 92.4 percent by weight of 
the tar. The residue boiling above 360® C 
was a thick dark brown oil and amounted 
to 15.6 percent by weight of the tar. 

Some experiments have been made in 
the Bureau of Mines experimental plant at 
Pittsburgh, Pa., with topped (to 235® C) 
high-temperature tar from byproduct coke 
ovens.’A catalyst found well suited for 
the li(pnd-i)hase operation was 0.05 per¬ 
cent of iodoform. The throughput in the 
liquid phase was approximately 2 liters 
per hour, the converter capacity about 7.5 
liters, the temperature 445® C, pressure 
4,000 pounds per square inch, and hydro¬ 
gen input about 400 cubic feet per hour. 
Five continuous liquid-phase runs of about 
100 hours each indicated that it was pos¬ 
sible to hydrogenate the topped tar with 
a combined recycle (centrifuged heavy oil 
plus bottoms [ over 300® C] from the distil¬ 
lation of product va])urized in a stream of 
hydrogen) of about 50 percent of the total 
feed. 

The analysis and yield of the fraction of 
the product boiling up to 207® C are shown 
in Table XXIV. About 95 percent of the 
total product boiled below 330® C and 
contained 3 percent of tar acids, 1.5 per¬ 
cent tar bases, and the neutral oil con¬ 
tained 75 percent aromatic hydrocarbons, 
23 percent saturated hydrocarbons (paraf- 

iir» Storch, H. H., Hirnt, L. L., PlBlier, C. H., 
Work, H. K., and Wagner, P. W., Ind. Eng. 
Chem., 33, 264-74 (1941). 
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TABLE XXIV 

Products from Hydrogenation of Topped High-Temperature Tar 
P roducts from Liquid-Phase products from Vapor-Phase Hydrogenations 

XA JUl / ' ' ' ^ - . II ^ 

t ’ * Concentrations in 

Concentra- Yield Based Overhead * Oil Yield t Based Total Recycle 


Substaiire 

tions in 
Overhead * Oil 

on Topped 
Tar 

Actual 

Corrected f 

on Topped 
Tar 

Yield Based on 
Topped Tar 


vol. % 

vol. % 

vol. % 

vol. % 

vol. % 

vol. % 

Phenol 

0.26 

0.27 

0.0 

0.0 

0.0 

0.27 

Cresol 

0.74 

0 76 

0.0 

0.0 

0.0 

0.76 

Benzene 

()..50 

0.51 

0.64 

0.38 

1.19 

1.70 

Toluene 

1.64 

1.69 

2.17 

1.27 

3.98 

5.67 

Xylene 

1.83 

1.87 

2.19 

1.28 

4.00 

5.87 

Tetrahydronaphthalene 

1.36 

1.40 

5.23 

3.07 

9.60 

11.00 

Cyclohexane 

0.57 

0.59 

0.85 

0.50 

1.56 

2.17 

Methylcyclohexane 

1.14 

1.18 

1 28 

0.75 

2.35 

3.51 

Diinethylcyflohexam* 

0.57 

(>..59 

0.50 

0.29 

0.91 

1.50 

High-flash naphtha 

18.09 

18.64 

25.84 

15.16 

47.41 

66.05 

Total oil distilling to 207° 

; 26.70 

27.50 

38.70 t 

22.70 

71 00 

98.50 


• Overhead oil 1 h the oil dlstilliiiK in the stream of hydrogen imssiiig through the liquid-phase con¬ 
verter. It is the steady-state raw product from which the final products are separated by distillation. 

t The feed stock to the vapor-phase converter contained about 10 percent distilling to 270® C. If 
this had been completely removed, the concentrations of the various chemicals in the vapor-phase 
overhead oil would have been about as listed in the “correcUMl” c(dumn. 

t Calculated by assuming a steady-state concentration of 22.7 percent of overliead oil distilling to 
207® C. The overall volume yield in the vapor phase of oil distilling below this temperature is 
(103 - 27.50) X 0,94 = 71.0 percent, where 27.50 is the percent yield of oil distilling to 207® C in 
the liquid-phase product, 103 is total liquid-phase-oil yield in volume percent of the topped tar, and 
0.94 is the vapor-phase yield of oil distilling to 207® C as volume pcrcent/100 of the liquid-phase 
product boiling above 207° C. 


fins plus naphthenes), and 2 percent ole¬ 
fins. In the vapor phase the feed stock 
was the 207 to 300® C fraction from the 
liquid-phase operation. The catalyst was 
alumina gel impregnated with ammonium 
molybdate to about 25 percent of its 
weight, and this was dried and heated in 
air at 500® C before use. The throughput 
was about 4 pounds (1.9 liters at 20® C) 
per hour, and the catalyst volume 170 cu¬ 
bic centimeters. During two runs of about 
60 hours each, vapor contact times of 0.3 
to 0.5 minute, temperatures of 490 to 
515® C, and hydrogen-to-vapor ratios of 15 
to 37 were investigated. No unusual dif¬ 
ficulties were experienced. The fraction of 
the product boiling above 207® C was re¬ 
cycled. The analysis of the product and 
the yield are shown in Table XXIV. The 
high-flash naphtha listed in this table con¬ 


sisted largely of polymethylbenzenes and 
polymethylcyclohexnnes. 

Dat^ on the feed stock and products of 
the vapor-phase hydrogenation of middle 
oils from hydrogenated low- and high- 
temperature, vertical-retort tars are pre¬ 
sented in Tables XXV, XXVI, and 

XXVII. The experiments were carried 
out in a continuously operating experimen¬ 
tal plant woth a capacity of 1 to 4 liters 
per hour of tar, with pelleted molybdenum 
disulfide as catalyst. For the production 
of gasoline, the optimum conditions were 
415® C, 200 atmospheres pressure, and a 
throughput of 1 volume of oil per volume 
of catalyst per hour, using as feed stock 
200 to 300® C middle oil from liquid-phase 
hydrogenation (see Table XXV). 

The properties and yields of liquid- and 
vapor-phase gasolines are shown in Table 
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TABLE XXV 

Pboferties of Middle Oils from Liquid- 
Phase Tar Hydrogenation 



Low- 

Higb- 

Temperature 

Teinperature 


Vertical- 

Vertical- 


Retort Tar 

Retort Tar 

Specific gravity at 15® C 

0.931 

0.931 

Analysis of oil (percent by 
weight): 

Tar acids 

19.3 

13.2 

Tar bases 

2.2 

1.7 

Neutial oil 

78.5 

85.1 

Carbon 

86.7 

87.5 

Hydrogen 

10.2 

1(L3 

Nitrogen 

0.2 

0.2 

Sulfiii 

0.2 

0.1 

Oxygen 

2 7 

1.9 

Distillation of neutial oil 
(percent by weight of 
middle oil) 

To 170® C 

5.4 

3.3 

170-200® 

11.2 

7.3 

200 230® 

19.7 

21.9 

230 -270® 

27.0 

33.7 

270 300® 

11.9 

14.4 

Residue 

2.8 

4.1 


XXVI. The vapor-phase products were 
good gasolines of 66 octane number, but 
the liquid-phase gasolines were deficient in 
volatile constituents and could be used 
only for blending. The liquid-phase mid¬ 
dle oils were rather low-boiling for use as 
Diesel fuel, and a light fraction had to be 
removed to raise the flash point sufficiently. 
Another and more serious defect in this oil 
for use as Diesel fuel was the poor ignition 
quality due to the low hydrogen-to-carbon 
ratio. The object of the second stage of 
hydrogenation for Diesel oil production 
was to effect the addition of hydrogen with 
the least possible reduction in boiling range 
of the oil. Sufficient hydrogen, however, 
could be added only at a temperature at 
which substantial degradation of molecular 
size occurs. Thus, suitable conditions for 
the production of Diesel oils from the mid¬ 
dle oils were found to be: 380® C, 200 at¬ 
mospheres pressure, and a throughput of 2 
volumes of oil per volume of catalyst per 


TABLE XXVI 


Yield and Properties op Gasolines from 
Tar Hydrogenation 



Low-Temper¬ 

High-Temper¬ 


ature Tar 

ature Tar 


»- 

Vapor- 

Liquid- 

Vapor- liquid- 


Phase 

Phase 

Phase 

Phase 

Specific gravity at 15“ C 

0.742 

0.795 

0.734 

0,783 

Distillations (volume percent) 

Initial kiiling point, “C 

46 

50 

41 

62 

to 60“ 

0.5 

0 

1 

0 

75“ 

10 

1 

15 

1 

100“ 

:i9 

13.5 

44 

22 

125“ 

72 

52 

75 

69.5 

150“ 

91 

81 

90 

82.5 

175“ 

98 

92 


92 

Final boiling point, 

188 

202 

174 

207 

Total distillate 

98.5 

97 

98 

97 

Residue 

0.5 

2 

1 

2 

liOBS 

1 

1 

1 

1 

Analyses (weight percent) 

Aromatics 

0 

34 

0 

24 

Unsaturates 

0 

2 

0 

3 

Siturales 

100 

64 

100 

73 

('arlxMi 

85.0 

86.9 

84.9 

86.5 

H\drogen 

14.8 

12.5 

16.0 

13.0 

Sulfur 

0.0 

0.1 

trace 

0.1 

H 'C atomic ratio 

2.09 

1.73 

2.12 

1.80 

Octane iiumlier ((’.F.R. mo- 

tor method) 

66 

71 

66 

70 

Gasoline to 170“ C (weight 

percent of tar) 

56.1 

15.0 

61.1 

12.2 

Total yield of gasoline to 

170“ r 

Weight jicrcent of tar 

71.1 

73.3 

Volmne jiercent of tar 

94.5 

98.8 


hour. Under these conditions the middle 
oils yielded about 50 percent of a Diesel 
oil fraction. The properties of these Diesel 
fuels are given in Table XXVII. Since the 
cetene number of these oils was only 45, 
these oils are of poor quality for Diesel 
.service. 

Design and Materials for Construction 
OF Coal- and Tar-Hydrogenation 
Equipment 

Although several experimental plants 
have been described in some detail,^®* 

16 ,17, io«, 109 oj^jy yery general descriptions 
of industrial-size plants are avail¬ 

able. Some of the development work at 
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TABLE XXVII 

Yield and Propebtieb op Diesel Oils from 
Tar Hydrogenation 

Diesel Oil Diesel Oil 
from Low- from HiRh- 
Temperature Temperature 



Tar 

Tar 

Specifio gravity at 15° C 

0.862 

0.868 

Distillations (weight per¬ 
cent) 

Initial boiling point °C 

194 

194 

to 200° 

0 

0 

225° 

48 

37.5 

250° 

80 

74 

275° 

93.5 

92 

300° 


97 

Final boiling point °C 

294 

302 

Total distillate 

97.5 

97.5 

Residue 

2 

2 

Loss 

0,5 

0.5 

Analyses (weight percent) 

Carbon 

86.8 

87.0 

Hydtogen 

12.9 

12.9 

Sulfur 

0.3 

0.1 

H/C atomic ratio 

1.78 

1.78 

Aniline point °C 

46.1 

44.6 

Flash point °F 

155 

156 

Cetene number 

45 

45 

Yield (percent by weight of 

middle oil) 

45.7 

55.3 

Yield (percent by weight of 

original tar) 

32.7 

40.5 


the 1. G. Farbenindustrie A.-G., with pilot 
plants, has been discussed by Pier.^^® For 
the liquid-phase hydrogenation of heavy 
oils, tars, and coal with finely divided cata¬ 
lysts, some experiments were carried out in 
autoclaves, but most of the work was done 
with special converters arranged for con¬ 
tinuous operation. These converters had 
capacities of several liters. The pilot plant 
was of such size that its throughi)ut was 
300 times that of the small-scale plants (or 
300 times “several” liters), and about one- 
tenth to one-twentieth of that for the 
proposed full-scale plants. Several pilot- 
plant converters 300, 500, and 800 millime¬ 
ters (12, 20, 32 inches) in diameter with 
reaction volumes up to 3 cubic meters (106 

lie Pier. M., Chem. Fahrik, 8. 46-54 (1935); 
Fueh 14, 136-14 (1935). 


cubic feet) were used. The full-sized in¬ 
dustrial units have reaction volumes of 30 
to 60 cubic meters (1,060 to 2,120 cubic 
feet). 

Some details of the construction of the 
Billingham plant have been given by 
Smith.”^ This plant contains five units or 
“stalls” (see Figs. 4 and 5), each contain¬ 
ing three converters, heat exchanger, traps, 
piping, and control equipment. The con¬ 
verter is a nickel-chromium-molybdenum 
steel cylinder 4 feet 0 inches in inside di¬ 
ameter; the length, including the two clo¬ 
sures, is 43 feet 2 inches. The closures are 
conical-shai)ed reducers attached to the 
converter by a Vickers-Anderson-type 
joint. A hollow-steel ring is emi)loyed as 
the sealing member in such a way that 
once a gas-tight joint has been made the 
gas pressure inside the converter expands 
the ring and seals the joint. Converters 
are forgings carefully heat-treated. 

For maintenance, a 170-ton crane with a 
48-foot radius and hook level 07 feet above 
track carries the converters or other large 
pieces of equipment to the maintenance 
house. The maintenance house has 82 feet 
of head room and is provided with a pit 
45 feet deep, into which the converters can 
be lowered, and an overhead 17()-ton crane 
identical with the one for transporting the 
converter to the maintenance house is used 
to withdraw the coinjilete internal fittings 
of the converter. 

In large-scale coal-liyilrogenation con¬ 
verters the destructive action of high-pres- 
siire hydrogen at elevated temperatures on 
ordinary steel is avoided by a system in¬ 
volving thermal insulation of the heavily 
stresvsed steel parts. For preheaters where 
the double-wall principle cannot be applied, 

117 Smith, F. E., Engineering, 141, C48-9, 
680-2 (1936). 

11 « Tongue, II., Design and Construction of 
High-Pressure Chemical Plant, Chapman and 
Hall, London, 1934, pp. 204-5. 
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metallurgical research has resulted in the Chromium is most effective in raising 
development of alloy steels resistant to hy- the creep (permanent deformation due to 


drogen embrittlement.^^® Below 400® C, 
when the hydrogen pressure does not ex¬ 
ceed 50 atmospheres, good grades of carbon 
steels with normal sulfur and phosphorus 
contents can be used. Steels containing 2.5 
percent chromium and 0.5 percent molyb¬ 
denum can be used over the temperature 
range 350 to 400® C under 300 to 400 at- 
mosi)hcres hydrogen pressure. At higher 
temperatures a slow decarburization oc¬ 
curs, whiph can be observed even under 
]00 atmospheres at 450® C. Although 6 
percent chromium steels are fairly resistant 
to corrosion by hydrogen at 400 to 600® C 
and 300 atmospheres pressure, it is only 
when the chromium content reaches about 
12 i)ercent that the corrosion becomes neg¬ 
ligible, The addition of molybdenum to 
low-chrome steels increases their resistance 
to corrosion and their mechanical stability 
at elevated temperatures. Steel containing 
5 percent chromium and 0.5 molybdenum 
rcMsts the action of hydrogen up to 600® 
and 250 atmospheres, and prolonged heat¬ 
ing at 350® neither increases the grain size 
nor renders it fragile. The addition of 
vanadium to the extent of about six times 
the carbon content of a steel causes t very 
sharp increase in its resistance to hydrogen 
corrosion. The elements chromium, molyb¬ 
denum, vanadium, tungsten, and titanium 
decrease the corrosive effects of hydrogen 
on metals by the formation of stable car¬ 
bides or by retarding the diffusion and so¬ 
lution of hydrogen in the metal. 

119 Cox, J., Trans. Am. Inst. Chem. Engrs., 211, 
43-85 (19.H.3). Harbor, A. T., and Taylor, A. II., 
Engineering, 188, 57ft-8, G35-6 (1934). Wolf- 
Bohn, S. 1., and Miagkov, M. P., Vesinik Matallo- 
prom., 1 «, 07-72, 82-8 (1930) ; Chimie d in- 
dustrie, 37, 487 (1937). Wintor, II., OlUekauf, 
78, 420-4 (1937). Naiimunn, F. K., Tech. Mitt. 
Krnpp, Tech. Ber., 1088, 71-87: Chem. Fabrik, 
1088, 365-70; Stahl u. Eiscn, 58, 1239-50 

(1938). 


stress) strength of steel.^^® A low-carbon 
steel containing about 5 percent chromium 
and 0.5 percent of molybdenum has more 
than twice the creep strength of ordinary 
carbo’n steel at 540® C. Combined with 
nickel in varying proportions, chromium 
produces the best commercial refractory 
ferrous alloys. These alloys are further im¬ 
proved by small additions of molybdenum, 
tungsten, titanium, etc. The well-known 
alloy ^^18-8,” which contains from 18 to 20 
percent chromium and 8 to 10 percent 
nickel, has excellent creep strength. It be¬ 
longs to the class of austenitic alloys hav¬ 
ing a face-centered cubic lattice, whereas 
ordinary steels are body-centered. Al¬ 
though the austenitic steels are compara¬ 
tively soft at atmospheric temperature, 
they are far stronger at higher tempera¬ 
tures than the ferrito-pearlitic type of 
steel. The loss of ductility associated with 
austenitic high-chromium-nickel-type steel 
when stressed at temperatures between 500 
and 850® C api)cars to be due to the i)re- 
cipitation of carbide in the form of a mem¬ 
brane surrounding the austenitic grains, 
thereby producing intergranular weakness. 
This loss of ductility can usually be avoided 
by the addition of the stabilizing elements 
columbium or titanium, which prevent the 
carbide precipitation. 

The use of corrosion-resistant linings in 
coal-hydrogenation converters has been 
covered by a number of patents, for ex¬ 
ample, alloys containing 70 to 85 percent 
of silver,coating the interior of the re- 

Creep Data. Compilation of Available High- 
Temperature Creep Characteristics of Metals and 
Alloys, Am. Soc. Mcch. EiigrB., New York, and 
Am. Sot*. Testing Materials, Philadelphia, 1938, 
800 pp. 

121 International Hydrogenation Patents Co., 
Ltd., Brit. Pat. 453,419 (1930). 
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action vessel with zinc or cadmium or 
their alloys, high-chromium-nickel steels ^24 
and tantalum and its alloys.^25 

Perhaps the most difficult of the engi¬ 
neering tasks involved in coal hydrogena¬ 
tion are coal-oil paste pumping and dis¬ 
charge of heavy-oil slurry containing the 
coal ash, unreaeted coal, and catalyst par¬ 
ticles. At Billingham the high-pressure 
paste pumps are operated by a hydraulic 
system working at 600 pounds per square 
inch. Experimental plants in Great Bnt- 

122 I, G. FarbenIndustrie A. C., Ger Pats. 037,- 
237 (1936), 626,461 (1937). 

123 International Hydrogenation Patents Co., 
Ltd., Fr. Pat. 800,957 (1936) ; Brit. Pat. 458,667 
(1936). 

124 I. G. Farbenindustrie A.-G., Ger. Pat. 655,- 
324 (1938). Cockram, C., Holroyd, R., and Im¬ 
perial Chemical Industries. Ltd., Brit. Pat. 433,- 
020 (1935). Standard I. G. Co., U S Pat. 1,- 
949,631 (1934). 

126 International Hydrogenation Patents Co., 
Ltd, Brit Pat. 427,435 (1935). 
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tain ^3* and the United States have re¬ 
ported difficulty with paste pumping on 
account of the ^^gelling’' and “drying’^ of 
the paste. When first prejiared, the paste 
was oily to the touch and flowed freely 
under gravity. Where drying occurred, 
the paste was dull and crumbled readily 
when touched. Such drying makes paste 
pumping mechanically impossible. It can 
be avoided by using a specially selected 
heavy-oil fraction for pasting purposes and 
by avoiding finely powdered coal; minus 
80 mesh with a minimum of minus 200 
mesh coal appears to be most desirable. 
Even when drying was not experienced, the 
paste was sometimes found to flow with 
difficulty under gravity alone from the 
paste tank to the pump, in spite of wide- 
bore piping The paste set like a gel in 
the pipe; this action could be avoided by 
continuous circulation of the paste by a 



Pig. 9. All-purpose throttling valve.” 
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low-pressure pump so as to provide a posi¬ 
tive pressure at the intake of the high- 
pressure pump and also to keep the paste 
aj 2 ;itated. The high-pressure paste-pump 
units usually consist of a cylinder and loose- 
fitting plunger with ball check valves at 
the inlet anrf outlet sides. 

Discharge of liquids that contain solid 
materials in susi)ension and gases in solu¬ 
tion from high-pressure vessels involves se¬ 
vere erosion of metal parts. Special valves 
have been designed for this service, 
and the use of the very hard carbides of 
tungsten and titanium for construction of 
the metal parts in contact with the slurry 
has solved this difficult problem. The 
valve shown in Fig. 8 was designed at the 
Bureau of Mines experimental coal-hydro- 
genation plant for heavy-oil-slurry dis¬ 
charge. It has given very satisfactory 
service, particularly since the plunger and 
sleeve (parts 6 and 5) were fitted with in¬ 
serts of tungsten-titanium carbide. The 
success of this valve depends on obtaining 
an excellent fit of the i)lunger in the sleeve. 
A poorly fitted valve will have only one- 
tenth the life of a well-fitted (^e. Once 

ii!« I. O. FarbfiiiiKluHtrle Brit. Pat. 459,- 

«ft2 (1987). 

l27lTlld^ F., Brit. Pat. 457,447 (1936). 


the plunger is wet with the slurry, a half 
to a quarter turn of the plunger, which 
amounts to withdrawal of about 0.02 inch, 
permits slurry to flow from the converter 
at about the optimum rate. When the 
discharge is complete, a quarter to a half 
turn in the opposite direction closes the 
valve to the passage of gas. When fitted 
with hardened tool-steel plunger and sleeve, 
the life period was about 300 hours; 
whereas, when inserts of tungsten-titanium 
carbide were made, as shown in Fig. 8, the 
life period was about 3,000 hours. 

Figure 9 shows an all-purpose valve with 
rejilaceable needle and seat developed at 
the Bureau of Mines exjierimental coal-hy- 
drogenation plant The valve as shown 
is arranged for service as a shut-off valve 
in the heavy-oil-slurry line. It can, how¬ 
ever, also be fitted with a gas-throttling 
type of needle and seat when precise con¬ 
trol of gas flow is required; or a floating 
ball may be used on the stem with the 
regular seat when a comparatively fast 
opening or closing valve is needed. It is 
necessary to tighten the seat against its 
sealing gasket, part 8, if the seat loosens in 
service. The stem packing is a preformed 
ring, which can be easily replaced. 



CHAPTER 39 


SYNTHESIS OF HYDROCARBONS FROM WATER GAS * 

H. H. Storch 

Principal Physical Chemist, Physical Chemistry Section,, Central Experiment Station, 
Pittsburffh, Pennsylvania 


The possibility of producing aliphatic 
hydrocarbons other than methane by the 
catalytic reduction of carbon monoxide was 
disclosed by the Badische Anil in und Soda 
Fabrik in 1913 and by Fischer and Tropsch 
in 1923.^ For several years Fischer and 
Tropsch had been studying; the reduction 
of carbon monoxide in the presence of al- 
kali-iroii catalysts at 400 to 450® C and 
1(X) to 150 atmosjjheres pressure.^ “Syn- 
thol,” which was the product of this reac¬ 
tion, consisted of a mixture of alcohols, 
aldehydes, fatty acids, and hydrocarbons. 
Fischer and his coworkers observed that 
the content of oxygenated compounds of 
synthol decreased with decreasing pressure, 
and that the liquid product obtained at 
pressures below about 7 atmospheres was 
mainly a mixture of olefinic and paraffinic 
hydrocarbons. However, since the reaction 
velocity decreased rapidly with decreasing 
pressure, it was essential to hunt for more 
active catalysts. 

In 1925-6 Fischer and Tropsch^ and 

* Publi»lied by permlssiou of the Director, 
Kureuu of Mino8, U. S. Department of the In¬ 
terior. 

1 BafliHclie Anilin u. Soda Fabrik, Ger. Pat. 
293,787 (1913). FiHcher, F., and Tropsch, H.. 
Brennstoff-Chem., 4. 276-86 (1923). 

2 Fischer, F., and Tropsch, H., Ger. Put. 484,- 
337 (1925) ; Brennstojf-Chem,, 7, 97-104 (1926); 
Ber., 58, 830-1, 832-6, 923-6 (1926). 


Fischer ^ published results obtained by the 
use of more active catalysts prepared from 
iron or cobalt mixed with various support¬ 
ing materials, and of mixtures of hydrogen 
and carbon monoxide at atmospheric iires- 
sure and at temperatures from 250 to 
300® C. The organic product was almost 
free from oxygenated compounds and con¬ 
sisted largely of hydrocarbons ranging from 
ethane to solid paraffins. Fischer thought 
that a likely mechanism of this chemical 
reaction was the initial formation of me¬ 
tallic carbides and either water or carbon 
dioxide and subsequent production of par¬ 
affins by reaction between the carbides and 
hydrogen to produce methylene, which was 
at once polymerized to higher hydrocar¬ 
bons. Despite the fact that paraffinic 
hydrocarbons above ethane could not be 
produced by passing hydrogen alone over 
the metal carbides, later work has i)ro- 
vided considerable support for the reaction 
mechanism postulated by Fischer. 

Elvins and Nash ^ also reported the for¬ 
mation of oily material on a cobalt-copper- 
manganese oxide catalyst at atmospheric 
pressure and at temperatures from 245 to 
284® C. The yields were small, and the 

a Flsfhor, F., Proc. 1st Intern. Conf. Bitumi¬ 
nous Coal, 234-46, 1926. 

4 Flvlns, O. (\, and Nash, A. W., Fuel, S, 
263-5 (1926) ; Nature, 118. 154 (1926). Nash, 
A. W., J. Soc. Chem. Ind., 45, 876-81 (1926). 
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product included some oxygen-containing 
compounds in addition to hydrocarbons. 
Subsequent work by Fischer and Tropsch ® 
confirmed the presence of oxygenated or¬ 
ganic compounds in the product from 
the atmospheric-pressure synthesis and 
showed® that at 10 to 15 atmospheres 
pressure the products were intermediate in 
nature; at atmospheric pressure the prod¬ 
uct consisted largely of hydrocarbons, and 
at high pressures, mainly of oxygenated 
compounds. 

Smith, Davis, and Reynolds ^ reported 
the presence of olefinic as well as paraf¬ 
finic hydrocarbons in the product. At 
about the same time, Elvins® and Erdely 
and Nash ® published the results of further 
work on the preparation and activity of 
various catalysts and on the nature of the 
products obtained at atmospheric pressure 
and at 280 to 320“ C. 

In 1928, Fischer and Tropsch re¬ 
ported the results of an extensive examina¬ 
tion of the gaseous and liquid hydrocarbon 
products of the synthesis at 190“ C on an 
iron-copper catalyst at atmospheric pres¬ 
sure. No hydrocarbons other than olefins 
and paraffins were found. The gaseous 
product contained ethane, 42.5; propane, 
19.5; butane, 2.0; ethylene, 6.0; propylene, 
21.0; and butylene, 9.0 volume ])ercent. 
The liquid product boiling between 60 and 
185“ C contained 30 percent paraffins, for 
the most part octane, nonane, and isono¬ 
nane, which were positively identified. The 

5 Fischer, F., and Tropsch, H., Ger. Pnt. 524,- 

408 (1026) ; Brenn»foff-C7iem., 7, 299-300 

(1026), 8, 1-6 (1927) ; Ber., 60, 1330-4 (1027). 

6 Flacher, F., and Tropsch, H., Brcnmtoff- 
Vhcm., 8, 166-7 (1027). 

7 Smith, D. F., Davis, J. D., and Res'uolds, 
1). A., Ind, Eng. Chem., 20, 462-4 (1028). 

8 Elvins, O. C., J. 8oc. Chem. Ind., 46, 473-8T 
(1927). 

9 Erdely, A., and Nash, A. W., ibid., 47, 
210-23T (1028). 

10 Fischer, F., and Tropsch, II., Brennstoff- 
Chem., 9, 21-24 (1928). 


remaining 70 percent were olefins. No di¬ 
olefins were present. No analytical work 
other than examination for unsaturates 
was done on the higher-boiling liquid prod¬ 
uct. Water-soluble oxygenated products 
amounted to 2 percent of the total prod¬ 
ucts. In the same year (1928), Smith, 
Hawk, and Reynolds presented detailed 
data on the yield of olefinic and paraffinic 
hydrocarbons on a cobalt-copper-manga¬ 
nese oxide catalyst at temperatures of 200 
to 260“ C. The lower hydrocarbons were 
analyzed completely. Further examination 
of the hydrocarbon product by Tropsch 
and Tropsch and Koch^- resulted in the 
identification of various olefinic and paraf¬ 
finic hydrocarbons; it showed the absence 
of naphthenes but the presence of small 
(juantities of benzene and toluene. 

Some additional work on high-i)ressure 
synthesis was done by Audibert and Rain- 
eau with catalysts such as iron phosphate 
or iron borate at about 150 atmospheres. 
The products were mixtures of hydrocar¬ 
bons and oxygenated organic compounds, 
chiefly alcohols. Catalysts for the atmos¬ 
pheric-pressure synthesis were developed 
by Kodama,^^ who found that the activity 
of nickel and of cobalt catalysts was en¬ 
hanced by the promoters coj)per, thorium 
dioxide, and magnesia. 

In hunting for clues as to the reaction 
mechanism of the synthesis of hydrocar¬ 
bons by the reduction of carbon monoxide. 
Smith, Hawk, and Golden found that 

11 Hmitli, D. F., Hawk, C. O., and Reynolds, 
D. A., Iml. Eng. Chem., 20, 1341-8 (1928). 

12 Tropsch, H., Ocs. Abhandl. Kenntnis Kohlc. 
». 561-70 (1928-9). Tropsch, H., and Koch, H., 
Brennetoff-Chem., 10, 337-46 (1020). 

13 Audibert, E., and Raineau, A., Ann. oom- 
bustiblea Hquidea, 3, 367-428 (1028) ; Ind. Eng. 
Chem., 21, 880-5 (1920). 

14 Kodama, S., J. Soc. Chem. Ind., Japan, 32, 
Suppl. Binding, 4, 6, 23, 285 (1029), 33, Suppl. 
Binding, 60, 202, 309 (1930). 

15 Smith, D. F., Hawk, C. O., and Golden, P. 
L., J. Am. Chem. 8oo., 52, 3221-32 (1030). 
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ethylene reacts in admixture with carbon at about 200* C a yield of liquid hydro¬ 


monoxide and hydrogen on a cobalt-cop- 
per-manganese oxide catalyst to form large 
quantities of higher hydrocarbons and of 
oxygen-containing compounds which dehy¬ 
drate in the process to form hydrocarbons. 
The dehydration may be accompanied by 
polymerization. Alone, or in admixture 
with either carbon monoxide or hydrogen, 
ethylene does not form higher hydrocar¬ 
bons when passed over the cobalt-copper- 
rnanganese oxide catalyst at 200 to 250* C 
and atmospheric pressure. These exi^ri- 
nienters also found that the mechanism of 
hydrocarbon formation on an iron-copper 
catalyst was essentially different from that 
on a cobalt-copper-manganese oxide cata¬ 
lyst, as ethylene did not enter into reaction 
on the iron-copper catalyst. They also 
found that the iron-copper catalyst pro¬ 
duced largely carbon dioxide along with 
the hydrocarbons instead of water, which 
was the main oxygenated product from the 
copper-cobalt-manganese oxide catalyst. 

Experimental work on the properties of 
iron-copper catalysts was done by Ko- 
daina and Fujimura.^” Fujimura also 
studied the preparation and projicrties of 
copper-cobalt catalysts i)romoted with 
oxides of magnesium, thorium, tungsten, 
uranium, molybdenum, and chromium.^ ^ 
Fischer and his coworkerjs^® also studied 
nickel and cobalt catalysts, using thoria 
and manganese oxide as promoters. By 
improved methods of preparation the ac¬ 
tivity of these catalysts was increased until 

leKodnma, S., 8ci. Papers Inst. Phys. CView, 
Research {Tokyo), 14, 169-83 (1930). Kodama, 
S., and Fujimura, K., J. 8oc. Chem. Jnd., Japan, 
34, Suppl. Binding, 14-6 (1931). Fujimura, K., 
md., 34, Suppl. Binding, 136-8, 227-9 (1931). 

17 Fujimura, K., ibid., 34. 384-6 (1931), 35, 
179-82 (1932). 

18 Fischer, F., Brennstoff-Ohem., 11, 489-500 
(1930). B’lscher, F., and Meyer, K., ibid., IS, 
225-8 (1931). Fischer, F., and Koch, H., ibid., 
18, 61-8 (1982). 


carbons of 100 to 153 cubic centimeters per 
cubic meter of gas mixture or 71 percent 
of the theoretical was obtained. Fujimura 
and Tsuneoka^® obtained 145 cubic centi¬ 
meters per cubic meter using a cobalt-cop- 
per-thorium-uranium (1 : 8 : 0.2 : 0.1) cat¬ 
alyst. 

In 1932, Fischer and his coworkers con¬ 
sidered their process sufficiently well de¬ 
veloped on a laboratory scale to merit 
pilot-plant experimentation. Various tech¬ 
nically available gas mixtures for the syn¬ 
thesis were examined both practically and 
theoretically.-® The most practical process 
at that time seemed to be the conversion 
of coke-oven gas with steam over coke. 
Organic sulfur was removed by heating the 
synthesis gas to 400* C in the presence of 
an iron catalyst and subsequently scrub¬ 
bing with alkaline ferricyanide solution. 
The catalyst employed was nickel-manga¬ 
nese-aluminum oxide supported on kiesel- 
guhr by precipitating from the nitrates with 
l)()tassium carbonate and subsequent wash¬ 
ing, drying, and reduction. The operating 
temperat\ire was specified as 190 to 210* C, 
and the pressure 1 atmosphere. The cata¬ 
lyst was revivified every 1,000 ho\irs by ex¬ 
traction of the solid paraffin with gasoline. 
The catalyst chambers were narrow boxes 
1.2 by 120 ])y 500 centimeters. They were 
suspended in an oil bath for purposes of 
temperature control.-^ The gasoline prod¬ 
uct of the synthesis contained 15 to 38 
percent of unsaturated hydrocarbons, the 
remainder being mainly straight-chain hy¬ 
drocarbons; its octane number was 58. 
Sulfur and gumming compounds were ab- 

19 Fujimura, K., and THuneoka, S., J. 8oc. 
Chem. Ind., Japan, 35, Suppl. Binding, 415-6 
(3932). 

20 Fischer, F., Pichler, H., and Reder, R., 
Brennstaff-Chem., 13, 421-8 (1932). 

21 Fischer, F., Roeleii, O., and Feisst, W., ibid., 
IS, 461-8 (1932). 



1800 


INDIRECT HYDROGENATION OF COAL 


sent. The fraction of the oil product boil¬ 
ing above 220® C was better than gas oil 
for Diesel fuel. The melting point of the 
solid paraffin was 48® C. These materials 
were produced in the ratio of gasoline : 
oils boiling above 220® : paraffin = 4:1: 
0 .2. 

Industrial Development 

The decade of research by Fischer and 
others outlined above so improved the 
catalyst activity and increased the techni¬ 
cal development of the synthesis of hydro¬ 
carbons from carbon monoxide and hydro¬ 
gen that, in 1938, the Ruhrchemie A.-G. 
undertook the construction of a plant of 
1,000 tons per year capacity.^^ This plant 
was erected in Oberhausen-Holten, Ruhr, 
Germany. It was designed to produce 
motor fuel and lubricating oil.-^ The syn¬ 
thesis gas consisting of 1 part of carbon 
monoxide and 2 parts of hydrogen, com¬ 
pletely (about 1 grain jier 1,0(X) cubic 
feet) purified from sulfur, was passed over 
a nickel-aluminum-m{inganese on kiesel- 
guhr catalyst at 190 to 210® C and atmos¬ 
pheric pressure. The estimated cost of 
the motor fuel was 22 jifennigs per kilo¬ 
gram. At the time the first plant was 
erected, the following problems had to be 
solved if large-scale operation was 1o be 
successful: (1) prolongation of the life 

of the catalyst from 4 to 6 weeks to at 
least as many months; (2) cheap indus- 

a 2 Hartner-Soborich, R., and Koch, H., ibid , 
18 . 308-10 (1932). Fischer, F., and Koch, H., 
Ibid., 18 , 428-34 (1032). Koch, H., and Horn, 
()., ibid , 13 . 1G4-7 (1932). 

123 Anon , Iron d Coal Tradvs Kety., 129 , 542 
(1034) ; Timen (London), Nov. 19, 1934; Oaa- ii. 
Wasiterfavh, 77, 798 (1934) ; Chcm. d Met. Eng., 
41 , 06G (1934) ; Fuel Economist, 9, 303 (1934). 

-*4 Fischer, F., Koch, H.. and Wiedeking, K., 
Brennstoff-Cfiem., 15, 229-33 (1934). Fischer, 
F., ibid., 16, 1-11 (1935). Thau, A., Colliery 
Ouardian, 150, 835-7 (1935). Koch, H., Oldck- 
auf, 71, 85-90 (1935). 

25 Martin, F., Ind. Chemist, 13, 320-6 (1937). 


trial design of contact chambers and sulfur- 
elimination plant; (3) industrial processes 
for the recovery of rare metals and oxides 
in the purest form from the exhausted cat¬ 
alysts; (4) conversion of Fischer’s primary 
product, “Kogasin,” into marketable gaso¬ 
line, since only the fraction boiling up to 
140® C had enough anti-knock properties 
(without addition of tetraethyllead) to be 
sold as motor fuel; and (5) the prepara¬ 
tion of cheap synthesis gas. 

The laboratory research work leading to 
the solution of these problems will be out¬ 
lined in subsequent sections of this chap¬ 
ter. Since no description of the engineer¬ 
ing and development work at the various 
Fischer-Tropsch plants has been published, 
only a general outline of the industrial 
development can be given. 

During 1035 and 1936 a number of gen¬ 
eral reviews of the process and of its in¬ 
dustrial progress, particularly in Germany, 
were iiublished.-® At the end of 1936 the 
following plants, aggregating a total ca¬ 
pacity of 145,000 metric tons of primary 
oils per annum, were completed or under 
construction: the Rheinpreussen Colliery 
at Homberg, 30,000 metric tons of primary 
products consisting of gasoline, Diesel oil, 
soft and hard paraffin wax, oils for the 
production of fatty acids, and for other 
chemical uses, from blast-furnace coke and 
coke-oven gas; Ruhr Benzin A.-^G. (sub- 

.'bHall, V. C., Otl a as J., 33, 81 (1935). Sin- 
natt, F. S., Gas J., 212, 711 (1935). Koch, H., 
Gliiekaiif, 71, 85-90 (1935). Gillet, A. C., Rev. 
unuerHelle mines, 11, 180-4 (1935). Schlatt- 
jiinnn, ()., and Kuppeiiberg, II., Srd World Power 
Conf., Washington, D. G., Sept. 19S6, Sect. II, 
Paper 4-5, 20 pp. Fischer, F., J. Inst. Fuel, 10, 
10-4 (1930) Hugel, C., Ann. combustibles li¬ 
quid es, 11, 719-33 (1936). Thau, A., Coal 
Carbonization, 2, 159-63 (1936). Muhlert, F., 
Chaleur et ind., 17, 119-23 (1936). “Proteus,” 
Gas World, 105, 362-3 (1936). Berthelot, C., 
and Hot, A . Carburants de syntht^se et de rem- 
plaeement, Dunod, Paris, 1936, 350 pp. 

27 Anon., Gas World, 105, 120 (1936) ; Gas J.t 
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sidiary of Ruhrchemie) at Oberhausen- 
Holten,-** and the Viktor Colliery at Cas- 
trop-Rauxel each 30,000 tons of primary 
oil per year from coke; Braunkohle-Benzin 
A.-G., known as ‘"Brabag,” at Ruhrland, 
north of Dresden, 25,000 tons of primary 
oils using synthesis gas produced by the 
gasification of brown-coal briquets; ^7 and 
Mitteldeutsche Treibstoff und Gel Werke 
(subsidiary of Wintershall A.-G.) at Kas¬ 
sel, 30,000 tons of primary oils using syn¬ 
thesis gas resulting from the gasification 
of brown coal.®® 

During 1937 and 1938, the capacity of 
these plants was increased so that the total 
yearly oil and gasoline output was raised 
to 300,000 tons; and toward the end of 
1938 additional plants were under con¬ 
struction, which when completed would in¬ 
crease this output to a yearly total of 525,- 
000 metric tons.®^ 

In Japan, two plants have been re¬ 
ported: one at Fushun having an annual 

output of 100,000 tons, and another be¬ 
longing to the Mitsui Mining Company at 
Omudu (Kyushu), completed at the end 
of 1938, of 50,000 tons per year cai)acity. 
\ccording to other reports, the Rhowa 
Steel Company was erecting a 200,000 tons 
per year plant, and two others of 30,(X)0 
tons per year were in process of construc¬ 
tion, one by the Mitsui Mining Comiiaiiy 
at Miike and another by the Synthetic 
Fuel Company at Chinchou.®® Rome de¬ 
velopment work done in a semi-industrial- 
size plant was also reported.®® Tests made 

215. 482 (1936) ; Colliery Ouardian, 15.% 419 
(1930); Chem. Age, 35, 187 (1936). 

158 Anon., ibid., 35, 367 (1936). 

UM Anon., Colliery Guardian, 153, 380-1 (1936). 

30 Anon., Chem. Trade J., »». 60 (1936). 

31 Wilke, G., Chem. Fabrik, 11, 563-8 (1938). 
Anon., Petroleum Press Service, 5, 301-4 (1938). 

32 Ruprechl, P., Oel Kohle Erdoel Teer, 14, 
83-5 (1938). Anon., Chem. Age, 39, 391 (1938). 

33 Anon., J. Fuel 8oc., Japan, 17, 67 (1938), 
18, 7 (1939) ; Chem. Jnd., 92, 680 (1939). 
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with 2.5-, 3.5-, and 5,5-centimeter catalyst 
tubes of 56-centimeter length immersed in 
an oil bath and containing a cobalt-copper- 
thorium-uranium-kieselguhr catalyst gave 
yields »f 98, 78, and 40 cubic centimeters 
of oil per culiic meter of synthesis gas. 
These tests indicated that narrow tubes 
were preferable, but the conclusion is not 
clear cut because the space velocity varied 
greatly, since the throughput was main¬ 
tained constant at 100 liters per hour for 
all the tests. 

In France the Societe Courrieres-Kuhl- 
maim had a Fischer-Tropsch plant of 
about 20,000 tons per year capacity at 
Harnes in the Pas de Calais district. This 
plant was brought into ojieration in June 
1937 at only about half its full capacity.®‘‘ 
In Great Britain an experimental plant 
with a capacity of about 150 gallons per 
day has been constructed to test-the Rob- 
inson-Bindley process,®® which differs from 
that of Fischer and Tropsch in several re- 
s])ects and particularly in that it operates 
with a higher carbon monoxide-to-hydrogen 
ratio. A smaller experimental plant of 
about 4-gallon-i)er-day caiiacity has been 
erected by the Fuel Research Board.®® Ex¬ 
periments done in these experimental plants 
will be discussed in later sections of this 
chapter. ^ 

In 1930, Germany was reported to 
have been jiroducing at the rate of 5(X),000 
tons jier year of gasoline, Diesel oil, and 
paraffins by the Fischer-Tropsch process. 

34 llirsch, E., Mt^m. aoe. ing. civils France, 
90, 7r»6-67 (1937); Pev. carhurants France, 1, 
.565-9 (1938). Anon., Chem. Trade J., 100, 212 
(1937). 

3 ’» Myddlotnn, W. W., Chimie rf Industrie, 37, 
863-4 (1937) ; J. Inst. Fuel, 11, 477-84 (1938) ; 
Volhery Guardian, 157, 286-90 (1938). 

sii Dept. Sri. Jnd. licsearch (Brit.), Fuel Pe- 
search Board, Kept, for the Year Ended March, 
19,i7, m>. 142-7. 

37 BriHtow, W. A., Colliery Guardian, 159, 
62.5-6 (1939). 
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The latest plant was operated on low-tem¬ 
perature coke, which had been found best 
for the water-gas process because of its 
high reactivity. In 1940, Underwood®® 
wrote: “Over 1,000,000 tons of Fiseher liq¬ 
uid per year are being produced in Ger¬ 
many at present by this process.” 


of solid paraffin (melting point 20 to 
100® C). The gasoline fraction had a low 
octane number (about 40), and hence a 
part of the oil was cracked to increase 
this number. The Diesel oil fraction had 
a cetene number between 100 and 120, and 
it was therefore a desirable blending con- 



FlO. 1. Synthesis gas generntorq, Rnhrrhemie plant. 


Martin has given in several publi¬ 
cations a general description of the Ger¬ 
man plants (see Figs. 1 to 7) and has pre¬ 
sented some information on the nature of 
the products. The yield of jirirnary prod¬ 
uct was reported to be about 125 grams 
per cubic meter of synthesis gas. This 
product included 8 percent of gaseous hy¬ 
drocarbons, 60 percent gasoline (boiling to 
200 ® C), 22 percent gas oil, and 10 percent 

B8 Underwood, A. J. V., Ind. Eng, Chem., 32, 
449-54 (1940). 

80 Martin, F., Oel, Kohle, Erdoel, Teer, 13, 
691-7 (1937) ; Chem. Fahrik, 12, 2.3.S-40 (1939). 


stitiient for improving oils of low ignitibil- 
ity. Excellent lubricating oils also could 
be s^mthesized from certain fractions of the 
primary product.*® 

The Fischer-Tropsch process is a re¬ 
markable one because of its great flexi¬ 
bility, both as regards raw materials and 
products obtainable. A variety of types 
of coke and coal as well as coke-oven gas 
and natural gas may be used as raw ma¬ 
terials for synthesis gas production, and 
the proportion of gasoline and of other 

ioKoppcrs Rev., 2, 99-139 (1937). 
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FiCf 8 Control floor of H\ntlioslH building loiilaiinng (oiitiul tbaniberh nnd tontrol instrunionts 
Ruhrchemie plant 


products may be varied considerably 
Published reviews of procedures and 
characteristicb of products provide an ade¬ 
quate supply of general information con¬ 
cerning the Fischer-Tropsch process In 
the following sections most of the available 
specihc information will be jiresented 

41 Bertlodot, C, Of me rnul, 110, 497-501 
(1937) , Chumc rf indUHtnr, 37, 211-23 (1937), 
40, 4.14 00 (1938) llertholot (’ and Hot, A , 
li(}\n\qm (t ^(onomu Houulhs din (arhuraniK 
<U Diinod Pans 19.^7, 371 pp Sbat 

>^<•11 H (4 Vollutu Gnnrdiun, 155, 1125-6 
(1937) ./ Inai Hul 11,209-17 (19.18) Thau 
A OoM u Wa«H(rfa(h, 80, 911-3 (1937) , Z 
Vir (hut lug, 8.3, 90(> (1939) Fisohor F 
(}htm In(lustrtt8, 40, 33-5 (19'17) Aiion ,7 
hud HiK . .nrtmn, 10, 10 1 (1937) , Ch(m Age, 
.38, 104 (1938) Enginttring, 140, 517 (1938) 
VuHury Ouarthan, 1.50, 483-4 (1938) Carr 

T P, Gas World, 100, Coking Sect, 132-4 


Production of Synthlsis Gas and of 
Hydrogen 

WATI.R-GAS PRODUCITON 

The Fischer-Tropsch process or modifi¬ 
cations thereof, such as the Rolunson- 
Bindle>, use as raw materials inixturos 
ranging in composition from 1 jiart of (ar- 
bon monoxide to 1 or 2 parts of hidrogen 
Oslermeier^- has given the following anal\- 

(1938) Naphtali M Rifitur Natural GanoluK 
Vft , 17. 47-51 (1938) Ih.lmf, II rh( ni 

hahtik, 11, 133 9 (1938) Caw lev, C M and 
Woodward, L A, Pftroldtm '1 echtKtlogg in lUSH, 
.7 liiHt Petroleum Tech London, 1939 pi) 39,1 
409 Muhlert F, Chaleur d Ind , 20, 35.5-60 
(1939) Applevard K C 8 African Mining 
Eng J , 50, 585-7, 615-7 (1940) 

42 Oatermeier, L, Gos u Waeserfacht 81, 52-7 
(1938). 
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Fig 4. Top of contact chambers in synthesis building, Ruhrchemie plant 



Fn. 5 Vapor headers and fittings from contnot thambers, Ruhrthemle plant 
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Fig. 6. Gas coolers for product condensation, Riihrchemle plant. 


his as typical of the synthesis ^as used on 
the commercial scale by Ruhrchemie A.-G. 
in Germany: 55.0 percent hydrogen, 27.5 
percent carbon monoxide, 14.0 percent car¬ 
bon dioxide, O.G percent methane, 2.7 per¬ 
cent nitrogen, and 0.2 percent oxygen. 
The principal source of mixtures of carbon 
monoxide and hydrogen is the reaction be¬ 
tween steam (or carbon dioxide) and car¬ 
bonaceous materials such as coal, coke, oil, 
coke-oven gas, or natural gas. In the di¬ 
rect hydrogenation of coal (see (Chapter 
38) excessive compression costs are avoided 
by keeping the purity of the hydrogen up 


to at least 02 jiercent. The Fischer- 
Tropsch jirocebs, however, can be satisfac¬ 
torily operated with the content of inerts 
as high as 10 to 12 percent. 

The average composition of water gas is 
51 percent hydrogen, 40 percent carbon 
monoxide, 3 percent carbon dioxide, and 5 
percent nitrogen. In practice, about 55 
pounds of coke is consumed per 1,000 cubic 
feet of water gas produced. It is necessary 
to add to this coke consumption the amount 
necessary to produce the steam, of which 
about twice the theoretical amount is em¬ 
ployed. (See Chapter 37.) 
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Fig 7 Active charcoai adsorbers Buhrehemie plant 


In the older watei-gais gciieiatois peri¬ 
odic blasting with an is essential to miin- 
tain the operating temperature above 
1,000® C These air-bl isting operations are 
conducted at relatively high pressures and 
high space velocities so as to decreise the 
air-blast time to one-sixth to one-eighth ot 
the steam blast and there)ly reduce the 


la at losses At Belle, W V i, the du Pont 
Coinpmv operates the largest plant m the 
vvestern hemisphere for the production of 
>\ater gis by the classical system of alter- 
nite blasting \^ith air and steamUntil 
191b, one of the hrgest installations of 

4 < Anon Ind I ng Chem, News Ld, Itf, 354 
(1<H8) 
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water-gay generators in the world was that 
at Billingham, England. There were 21 
generators, each of which produced 172,000 
to 950,000 cubic feet of water gas per 24 
hours from coke and steam. These gener¬ 
ators were 8.8 to 16.3 feet in diameter 
(inside). The German firms Bamag and 
Didier-Werke in 1936 built generators 


used for continuous blasting. In the Didier 
generator heat is supplied to the outside 
wall and steam is continuously passed 
through the interior. 

In the Winkler generator either lignite, 
coal, or a semicoke H inch in size can be 
used as fuel. Figure 8 shows such a gen¬ 
erator with auxiliary equipment. The 



Fig. 8. Winkler water-pus p-nerator operatinp with 0.6-milliineter (0.024-ineh) e(»al. 

(«) Gas penerator for startiiip. (&) (JaHificutlon chamber, (c) Hoi>i)cr for solid fuel, (d) Preheater, 
heated by hot water gas. (c) Heat exchanger. (/) Cyclone dust separator. (j?) Llijuld trap 
(h) Scrubber. (i) Electrostatic dust precipitator. 


whose unit capacity was about 22 million 
cubic feet per day. The Bamag generators, 
which were of the Winkler model, were in 
service at Oppaii and at Mersebourg. The 
Didier generators (also called “Gleich- 
strom”) were in service at the Bra bag 
plant at Ruhland in central Germany.*** 
The Brabag plant had six generators, each 
with a capacity of aboiil 9(X),(XM) cubic feet 
per hour. Brown-coal briquets were used 
to react with the steam. The outstanding 
characteristic of those generators is their 
continuous operation. Thus, in the Wink¬ 
ler generator 1 volume of oxygen plus 2 
volumes of steam superheated to 375® C is 

44 Anon.. Colliert/ Guardian, 153, 419 (19.S6). 


gasification chamber, 6, is a cylinder 18 
feet in diameter and 70 feet in height. 
The primary air plus steam, or the mix¬ 
ture of oxygen plus steam, is introduced 
in such fashion that the fuel bed is kept 
in turbulent agitation like a boiling liquid. 
In this way the fuel bed, which is about 
5 feet thick, is heated rapidly and uni¬ 
formly. The sintered ash particles settle 
on the grate, where they are cooled rap¬ 
idly by the incoming oxygen (or air) and 
steam mixture. The solid fuel is fed 
through a hopper, c, into the bottom of 
the fuel bed. A'rotating rabble (of brass, 
water-cooled) moves the ash toward a dis¬ 
charge port. 
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In the gas-making cylinder, 6, the gases 
must traverse a space 60 feet in height, 
which permits some separation of solids 
and a cooling of the gas, so that the exit 
temperature is 950“ to 1,000“ C. These 
gases are then given a preliminary treat¬ 
ment for dust removal followed by cooling 
in a spray tower and heat exchanger, e, 
further dedusting in a cyclone separator, /, 
scrubbing in the tower, h, and a final dust 
precipitation by an electrostatic machine, t. 

Table I shows the composition of the 
product and the consumption of raw ma¬ 


terial. 


TABLE I 


Pboditcts and Raw-Material Consumption 
IN Winkler Generator 


Gas Composition 

Oxygen + Steam 

Oxygen -f Air -1- Steam 


percent by volume 

CO 2 

13 to 20 

15.2 

(’() 

47 to 30 

32.9 

Hi 

.39 to 41 

29.7 

(^H4 

0.6to0.4 

1.3 

No 

0.4 to 0.5 

20.0 


Raw-material coiiaumption jnsr 1,000 cubic feet of product 


Coke, pounds 

40.9 

33.0 

\ir, cubic feet 


242 

Oj (98 percent) cubic 
feet . 

284 

179 

H'iO, pounds 

19. 

13.2 


About seven of these large Winkler gas 
generators were in operation in Germany, 
and the one employed at Leuna produced 
2,648,000 cubic feet of gas per hour.'*^ The 
chief advantage of the Winkler machine is 
that it will function with a wide variety 
of finely divided fuels such as semicoke and 
lignite. In addition, its gas-generating ca- 
])acity per square foot of generator surface 
IS 5,000 to 10,000 cubic feet as compared 
with 1,500 cubic feet for the old-style 
water-gas machines. 

The Didier gas generator is a combi- 

45 Anon., Z. Ver. deut. Ing., 79» 1094 (1935). 

46 Didier-Werke A.-G., Fr. Pats. 834,716 
(1938), 845,316 (1939) ; Ger. Pats. 669,434 
(1938), 675,399 (1939) ; Brit. Pot. 499,018 
(1939). 


nation of a vertical retort and a water-gas 
generator, both being operated continu¬ 
ously. The bituminous coal or lignite 
moves downward from the hopper, A (Fig. 
9), and the produced retort gas that flows 
up through the bed of hot coke has its 
methane content converted by pyrolysis 


Fn.. 0, Didier giis (?f*in*rator for -f 
prodiu'tion. 

(A) Hopper for solid fuel. (It) Drying zone. 
((’) Carbon i/.atlon and frasiftnitioii chamber. 
(D) Annulus for heatinj; deHcendlnj? coal. 
(Jv) Predistillution /.one. (F) Zone of water piw 
formation. (G) Coke receiver. (II) Water 
spray for dust rem(»val from heating pas. 
(7) Cooler for heatinj; kus. (J) Gas producer 
mukinj; heatinj; pas. (K) Steam boiler operated 
on off-gas heat from annulus. (L, M) Synthesis 
gas to cotders and sulfur elimination plant. 

(N) Detarring condenser for iiredistillation gas. 

(O) Oil scrubber, (n) Predistillntion gas freed 
from byproducts, (ft) Predistillation gas to be 
used for heating carbonisation chamber. (c) 
Stack for removal of gases from drying zone, 
(rf) Predistillntion gas going to detarrlng con¬ 
denser. (e) Air for combustion. (/) Steam in¬ 
jector for water gas production. 
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and reaction with steam. The resulting 
gaseous product is a mixture of carbon 
monoxide and hydrogen suitable for the 
Fischer process. In the Didier gas gener¬ 
ator unit there are six superposed zones. 
They are, in sequence, from the top down: 
(1) drying; (2) predistillation;* (3) car¬ 
bonization at high temperature; (4) con¬ 
version of gaseous hydrocarbons; (5) for¬ 
mation of water gas; and (6) cooling of 
coke. The first two zones are combined in 
one chamber, and the next three zones are 
combined in a cylindrical apparatus 15 feet 
high and 18 inches in diameter. A tyi)ical 
Didier installation consists of a large mim- 
ber of such units. From the first and sec¬ 
ond zones a gas containing all the water, 
some hydrogen sulfide, and hydrocarbons 
is obtained. After the ordinary purifica¬ 
tion, this gas is added to the producer gas 
made in 7, and the combined fuel is used 
for heating the retort C. The water gas 
is drawn off at about the center of C. 
The carbonization gases travel uj) through 
the retort C and then down through the 
annulus D and are mixed with steam at F, 
the final gas product being drawn off at 
the center of C and sent to the heat ex¬ 
changer K. Steam superheated to 400 to 
500® C is injected at F. 

The Didier generator uses 14- to 1-inch 
bituminous coal or lignite briquets. The 
apparatus is designed to obtain enough 
methane (plus other gaseous hydrocarbons) 
so that subsequent pyrolysis with steam 
will yield the desired gas containing the 
desired ratio of carbon monoxide to hydro¬ 
gen. Only such quantity of coke is pro¬ 
duced as suffices for operating the gas pro¬ 
ducer, J, for heating the carbonization 
chambers. A part of the steam is pro¬ 
duced by means of the sensible heat in the 
gases produced, and the remainder is ob¬ 
tained by the heat of reaction in the 


Fischer process. The composition of the 
product is: 9.4 percent carbon dioxide, 30.5 
I)ercent carbon monoxide, 56.5 percent hy¬ 
drogen, 1.0 percent methane, 2.2 percent 
nitrogen, 0.2 percent oxygen, 0.2 percent 
in which the ratio of hydrogen to 
carbon monoxide is 1.95. The thermal effi¬ 
ciency when using lignite briquets is 75.5 
percent. 

An experimental gas generator similar in 
principle to the Didier machine has been 
described by Schmidt and Groh and Jiip- 
pelt and Steinmann.'^^ They used a simple 
masonry shaft, in the lower part of which 
a bundle of steel tubes wa.s fixed. The 
fuel to be gasified was fed over a plate into 
the upper part of the shaft, which served 
as a drier, and a low-temperature retort. 
The coke then passed through the chro¬ 
mium-steel gasification tubes. The heat re¬ 
quired for gasification was sup])lied partly 
in the form of superheated steam, which 
was blown into the lower part of the sys¬ 
tem, and iiartly by heat transmitted 
through the walls of the steel tubes, which 
were heated to about ],1(K)®(') with waste 
gas. The heating gases were o])tained from 
the combustion of coal or water gas. After 
heating the gasification tubes, these gases 
su])i>lied heat for superheating the steam 
used for gasification and then went to the 
jireheater for the heating gases and com¬ 
bustion air. 

The Pintsch-H il lib randgenerator is 
similar to the Didier machine in that it 
has both a carbonization and a gasification 
zone. Lignite briquets pass countercurrent 
to a flow of a preheated mixture of steam, 
carbonization gas, and a fraction of the 
S 3 ’nthesis gas product. 

47 Schmidt, I. R., and Groh, E., Braunkohlcn- 
arvh., N«. 44, 50-3 (10.30) ; Oel, Kohle, Erdoch 
Tar, 13. 41-51 (19.30). Jilpuclt, A., and Stcln- 
mann, A.. Braunhohlv, 35, 353-7, 372-7 (1930). 

48 Anon., G^nie civil, 114, 88-91 (1939). 
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The Lurgi^® process for the gasification 
of solid fuels using steam and oxygen under 
pressure has attracted considerable atten¬ 
tion. It is a continuous process for pro¬ 
ducing a mixture of water gas and meth- 
.‘»ne. The operating pressure is about 20 
atmospheres. The generator consists of a 
refractory chamber surrounded by a water- 
filled annulus, the outer wall of which is 
the steel pressure retaining wall. The ca- 
l)acity per square foot of generator surface 
of the Lurgi machine is said to be about 
three times that of other ty])es of water- 
gas generators.'*® The high oi)erating })res- 
Mire of the Lurgi generator favors the pro¬ 
duction of methane and of carbon dioxide. 
For Fi>scher-Tropsch synthesis gas neither 
()l these constituents is desirable; but it is 
report e(F*® that conditions can be so ad¬ 
justed, ])articularly by adding carbon diox¬ 
ide m appreciable amounts to the steam- 
oxygen mixture, as to minimize the pro¬ 
duction of methane and to jiroduce a gas 
containing 02 percent hydrogen and 31 
])ercent carbon monoxide. 

The jiroduction of synthesis gas by vari¬ 
ous processes has been subjected to a tech¬ 
nical analysis by Dolch,*®’ who con¬ 
cluded that, esiiccially as regards the yield 
of gas, the oxygen-steam jiroce.^ses arc far 
superior to those in which the heat re- 
(juired is obtained from the separate gasi¬ 
fication of jiart of the fuel. ITe also 
claimed that carbonization and gasification 
in vertical ovens at atmospheric pressure 

•ctMillotl, H C., J. Inst. Fuel, 10, ir>-21 
(laao). Wilke, G., Ghcm. Fahrilt, 11, 563 -8 
(1938). Drawe, R., Arch. 'Wdrmewirtu, 10, 
201-3 (1938). Seiden, K, Ind. Eng. Chem, 
Ncu^h Ed , 10, 535 (1938). Held, W., Petroleum, 
35, 435-7 (1939). Dolcli, P., BrennHtoff-Chem., 
30, 101-11 (1939). Allow., Trade and Engineer¬ 
ing, 44. 17 (1939). 

r.o MetiillgesellHcliaft A.-G., Brit. Put. 504,529 
(1939). 

61 Dolch, P., Fcuerungstech., 27, 1-6, 44-57, 
103-8 (1939). 


with oxygen-steam mixtures produces a gas 
containing little methane and consumes the 
least oxygen. 

The use of coke-oven gas in the produc¬ 
tion of synthesis gas for the Fischer- 
Tropsch process has been included in sev¬ 
eral processes. One of these produces a 
mixture of hydrogen and carbon monoxide 
in approximately the ratio 2:1 by alter¬ 
nately blowing a solid fuel in a gas pro¬ 
ducer with a mixture of steam and oxygen 
and a mixture of steam and coke-oven gas, 
and mixing the resulting gases in suitable 
jiroportions. Two other patents also 
specify the blowing of coke-oven gas jilus 
steam through the hot bed of a water-gas 
generator. 

The production of hydrogen by the low- 
temperature fractionation of coke-oven gas 
has been reviewed in two papers.®^ The 
two main types of equipment are the Linde 
and the Claude, which differ only as re¬ 
gards the method of attaining the cooling 
effect. In the Linde (or Linde-Brown) 
process the Joule-Thomson effect is uti¬ 
lized for cooling. In the Claude process the 
cooling effect is obtained by causing the 
expanding gases, from a pressure of 30 \o 
40 atmospheres, to do external work, that 
is, to drive an engine, which has the effect 
of causing a rapid drop in temperature. 
In both processes all the coke-oven-gas 
constituents other than hydrogen are lique¬ 
fied. 

The gavsification of low-temperature coke 
with steam seems to have been extensively 
practiced in Germany during 1932--9.‘’‘''' 

B 2 Studien- und Verwertungs-Gesellschaft 
m.b.H., Brit. Pat. 458,022 (1936). 

63 Hoppers, H., Brit. Pat. 466,737 (1937) ; 
U. S. Pat. 2,132,533 (1938). 

64 Bertlielot, C., 06nie civil, HO, 459-61 
(1937). Brownlie, D., Ind. Eng. Chem., SO, 
1139-46 (1938). 

55 Anon., Iron Coal Trades Rev., 138, 285 
(1939). 
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Wilke described large-scale tests indicat¬ 
ing that low-temperature coke of suitable 
quality could be gasified successfully in 
water-gas generators. 

The production of mixtures of carbon 
monoxide and hydrogen by the oxidation 
of natural gas with oxygen, carbon dioxide, 
or steam is another im])ortant source of 
synthesis gas and of hydrogen. The par¬ 
tial oxidation of methane with oxygen to 
produce a mixture of carbon monoxide and 
hydrogen w\as studied by Liander,'^’ who 
employed a nickel catalyst and tempera¬ 
tures up to 1,000® C. The partial oxida¬ 
tion of methane with oxygen at about 
1,400“ C was also studied by Fischer and 
J’ichler.*'^” They obtained mixtures of 
water gas and acetylene; thus, from a mix¬ 
ture of 2 parts of methane and 1 of oxy¬ 
gen with a contact time of about 0.01 sec¬ 
ond, a gas containing 54 percent hydrogen, 
2fi percent carbon monoxide, 9.4 percent 
acetylene, 4.8 iiercent methane, and 3.0 
percent carbon dioxide was obtained. This 
I>roduct could be scrubbed free of acetyl¬ 
ene (which would probably be used as the 
raw material for organic syntheses), and 
the residual gas could be used as synthesis 
gas for the Fischer-Tropsch processes. 

Gliiud and his coworkers also experi¬ 
mented with partial oxidation of methane 
using a nickel-magnesiurn oxide catalyst at 
about 850® C. Several other experiment¬ 
ers have studied the partial oxidation of 

no Wilke, G., Tech. Mitt. Krupp, 5, 44-9 
(1987). 

57 Linnder, H., Trantt. Faraday Soc.y 25, 462- 
72 (1929). 

58 Fiseher, F., and Pichler, 11., Brennstoff- 
Chem., 11, 501-10 (1930) ; Fr. Pat. 719,035 
(1931). 

5» Glnud, W., Keller, K., Klempt, W., Beste- 
liorii, li., Brodkorb, F., Sc^iroter, J., and Curland, 
E., Ber. Ocs. Kohlentech., 3, 211-370 (1930). 

00 YoHlilkawa, K.. Bull. Chem. Boc. Japan, 6, 
100-10 (1939). Padovani, C., and Franchettl, 
P., Gior. vhim. ind. applicata, 15, 429-32 (1933). 
Karzhavin, V. A., and Leibush, A. G., J. Chem. 
Ind. iU.8.8.R.), 15, No. 1, 84-8 <1934). 


methane and have found the reaction 
2 CII 4 + Oo = 2 CO + 4 H 2 to be complete 
at about 900® C when thoria- or silica-pro¬ 
moted nickel catalysts were used. Thus far 
none of these exiieriments hits been car¬ 
ried into industrial-scale operation. How¬ 
ever, the highly endothermic nature of the 
reaction of methane with steam or carbon 
dioxide and the relatively low cost of oxy¬ 
gen make it desirable to sujiply the heat 
of the reaction by ])artial combustion with 
oxygen. 

A study of the production of carbon 
monoxide-hydrogen mixtures from methane 
plus steam and oxygen and from methane 
l)lus carbon dioxide and oxygen has been 
made by Natta and in the tem¬ 

perature range 800 to 1,400® C. The ratio 
of carbon monoxide to hydrogen as a func¬ 
tion of the initial comiiosition of the re¬ 
actant and temjierature of the reaction 
was determined for the two ternary sys¬ 
tems as well as for the quaternary system 
CH4-C02-H20 -()o. Ogawa and his co¬ 
workers have studied the partial oxida¬ 
tion of methane by activated iron oxide. 
A mixture of equal iiarts of ferric oxide 
and magnesium oxide was reduced by 
methane at 1,220® C, and, immediately 
after this reaction, the gaseous products 
were passed over a nickel-on-clay catalyst 
and emerged as 57 jiercent hydrogen, 28 
percent carbon monoxide, 9 percent carbon 
dioxide, 3 percent methane, and 3 percent 
nitrogen. The process was intermittent, 
and it was necessary to use an air blast at 
1,380® C to regenerate the ferric oxide. If 
the nickel catalyst was omitted, the meth¬ 
ane content of the off-gas rose to about 13 
percent. 

61 Natta, G., and Pontelli, R., Chimica e in- 
dustria {Italy), 19, 177-82 (1937). 

82 Ogawa, T., Matsui, A., Nagai, H., and Senoo, 
H., J. Sor. Chem., Japan, 43, Suppl. Binding, 
116-7 (1940). 
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Equilibrium relations®® involved in the 
methane-steam reaction show that above 
850“ C, when an excess of steam is avoided, 
the reaction is almost entirely confined to 
CH 4 4 - H 2 O = CO -f- 3 H 2 ; and with excess 
of steam present at a temperature of about 
750“ C the reaction is mainly CII4 4- 2 H 2 O 
- COo + 4 H 2 . In the absence of cata¬ 
lysts, the rate of reaction of methane with 
steam is slow, becoming appreciable only 
at temperatures higher than 1,300“ C. 
Fischer and Tropsch investigated the 
activity of a variety of catalysts for the 
reaction CH 4 + CO 2 2CO + 2 H 2 . Cop¬ 
per, iron, molybdenum, and tungsten were 
found to have little or no catalytic activity 
at 850® C, whereas cobalt or nickel pro¬ 
moted with alumina were excellent cata¬ 
lysts. 

Hawk, Golden, Storch, and Fieldner®® 
found cobalt to be a much poorer catalyst 
than nickel for the methane-steam reaction 
at 900 to 1,000® C. These experimenters 
(levelo])ed a small-scale intermittent proc¬ 
ess, first blasting the catalyst with a gas- 
air mixture, then injecling the reaction 
mixture into the catalyst bed. Catalysts 
of nickel deposited on a refractory mixture 
of alumina and clay were most satisfactory 
in respect of activity and durability. In 
the temperature range 900 to 1,000“ C, 
nearly theoretical conversions were ob¬ 
tained. 

A considerable number of catalysts have 
been tested by other experimenters. Nickel- 
thoria-magnesia and nickel-iron supported 
on kieselguhr were recommended for the 

«3 Randall, M., and Gerard, F, W., Ind. Eng. 
Vhvm , 30, 1335-40 (1928). Kub(*lka, P., and 
Woiizel, W., MeiallhbrHe, 31, 1227-8, 1275-6, 
1372-3, 1421-2 (1921). Schmidt, J.. and Neu¬ 
mann, B.. Z. Elektrochvm., .H8, 925-34 (1932). 

64 Fischer, F., and Tropsch, H., Brennatoff- 
Chrni., 0, 39-45 (1928). 

ar. Hawk, C. O., Golden, P. L., Storch, H. H., 
and Fieldner, A. C., Ind. Eng. Chem., 24, 23-7 
(1932), 


reaction CH 4 -f H 2 O = CO -j- 3 H 2 at about 
800“ C.®® Nickel-alumina-magnesia on 
active carbon was suggested hy Dansila 
and Piatkowski for the reaction CH 4 -(- 
2 H 2 O = CO 2 -b 4 H 2 at 650“ C. Nickel- 
zinc oxide on kieselguhr or chamotte was 
very effective®® in the reaction of propane 
and butane with steam at about 500“ C to 
yield mainly a mixture of equal parts of 
carbon dioxide and hj^drogen. Nickel-mag- 
ne.sia was recommended by Tsutsumi ®® for 
both the methane-steam and the water-gas 
shift reaction (see below). Sweeney and 
Spicer^® patented a mixture of 25 percent 
nickel, 74 percent magnesia, and 1 percent 
boric acid as catalyst for the methane- 
steam reaction at S15 to 925“ C. Ogura 
studied the behavior of nickel-alumina on 
clay for the same reaction at about 000“ C. 

Semi-industrial-scale plant data have 
been presented by Karzhavin for the 
conversion of methane to synthesis gas by 
means of an intermittent jirocess very simi¬ 
lar to that used by Hawk and his co- 
workers.®*'^ Hirseli has discussed the 
operation of an automatically controlled 
full-scale plant for the methane-steam re¬ 
action; and Brownlie "’** has briefly de¬ 
scribed the industrial plants of the Stand¬ 
ard Oil Company of New .lersey at liay- 
way, N. J., and at Baton Rouge, La. At 
these plants a temperature of 870“ C was 

flc Klyiikvin, N. A., aiiU Klynkvina, S. S., Nat¬ 
ural Ganes {U.8.8.R.), 1034, No. 8, 52 8. 

07 Dansila, N., and Piatkowski, T., Bull. sect, 
sci. acad. roumainc, 10, 11-27 (1937). 

08 Rnk<»VHkii. K. V., Buriinova. O A., and 
Rakovskii. M. E., Khhn. Trerdogo Tupllva, 8, 
374-83 (1937). 

60 Tsutsumi, S., J. Fuel 8ac., Japan, 17, 24 8 
(1938). 

70 Sweonoy, W. J., and Spicer, W. E., IJ. S. 
Pat. 2.125,743 (1938). 

71 Ogura, T., and Iluzimura, T., J. Chem. 8oe., 
Japan, «0, 139-48 (1939). 

72 Karzhavin, V. A., Ind. Eng. Chem., 28, 
1042-4 (1930). 

78 Hirsch, B.^ Mfm. soc. ing. civils France, 
85, 286-302 (1932). 
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used, and a mixture of carbon monoxide, 
carbon dioxide, and hydrogen was obtained 
from the methane-steam reaction. The use 
of nickel stampings as catalyst for the 
methane-steam reaction has been described 
by Storch and Fieldner,^^ who described 
the experimental plant (500 cubic feet of 
hydrogen per hour capacity) at the Cen¬ 
tral Experiment Station of the Bureau of 
Mines in Pittsburgh, Pa. 

Experimenters have attempted to ab¬ 
sorb continuously in the reaction zone the 
carbon dioxide produced by the reaction 
CH 4 + 2 H 2 O = CO 2 + 4 H 2 so as to obtain 
virtually pure hydrogen.*'^®* Ignited dolo¬ 
mite has served not only to absorb carbon 
dioxide but also to convert any carbon 
monoxide to the dioxide. However, regen¬ 
eration of the calcium oxide by heating at 
850 to 900® C destroys the nctivity of the 
nickel catalysts for operation at 500 to 
600“ C. 

The British Fuel Research Board has 
experimented with a combination of the 
production of water gas from coke and the 
Lane hydrogen process, which consists in 
alternate reduction and oxidation at 700 to 
800® C of calcined spathic iron ore; the re¬ 
duction is effected by water gas, and the 
oxidation of the reduced iron with steam 
produces hydrogen. In this combination 
the spathic iron ore replaces the checkered 
brickwork normally used in the tar-crack- 
ing chamber in the complete gasification of 
medium caking coal. The temperature of 
the ore is raised to 700 to 800® C by the 
hot gases produced during the burning of 

74 storch, H. H., and Fieldner, A. C., Mcch. 
Eng., Cl, 605-11 (1939). 

76Karzhavln, V. A., J. Chvm. Ind., {U.S.S.B.), 
1»84, No. 2, 31-3; Trans. Chem. Eng. Cong., 
World Power Conf., 1B3C, Paper G-17. Zahn, 
O., Chem.’Ztg., Cl, 298-9 (1937). Tropsfli, H., 
U. S. Pat. 2,057,402 (1936). 

76 Dept. 8ci. Ind. Research (Brit.), Fuel Re¬ 
search Board, Kept, for the Year Ended March, 
1987, pp. 136-41, 1988, pp. 184^-5. 


the blow gas, and the ore is reduced by 
passing through it the water gas produced 
during the ui)-run. 

A new process for obtaining hydrogen 
from low-grade fuel was suggested by 
Chekin, Semenoff, and Galinker,*^ which 
consisted in mixing fine, waste coal with 
iron ore and heating at 850 to 900“ C in a 
rotary furnace through which air is passed. 
The product, which consists of finely di¬ 
vided iron mixed with coal ash, passed to 
a second rotary furnace maintained at 500 
to 700® C, into which steam was admitted 
The hydrogen obtained was fairly pure, 
only traces of carbon oxides and methane 
being present. 

WATER-GAS SHIFT 

The oxidation of the carbon monoxide in 
water gas with steam according to the re¬ 
action GO -f IIoO = CO 2 + H 2 is exten¬ 
sively practiced as a step in the production 
of jmre hydrogen. Equilibrium calcula¬ 
tions show that, to reduce the carbon 
monoxide content to about 0.1 jiercent 
when using 3 to 4 volumes of stt'am per 
volume of water gas, it is necessary to 
ojierate at temjicratures not higher than 
about 850“ C. White and Shultz showed 
that catalysts made by the fusion and 
partial nnluction with hydrogen of cobalt 
oxide effectively catalyze the watcr-ga^ 
shift reaction to equilibrium at tempera¬ 
tures as low as 288“ C and siiace velocities 
of 1,800 volumes of water gas per volume 
of catalyst per hour. The addition of suit¬ 
able promoters such as chromium oxide or 
cop|>er suppressed the simultaneous for- 

77 Chokin, P. A., Somonoff, A, I., and Galln- 
kor, I. S., Compt. rend. 15th congr. chim. ind., 
1, 410-4C (1935). 

78 Bryant, W. L)., Ind Eng. Chem., 2.% 1019 
21 (1931). Gliosli, ,1. C., (’Jmkrnvijrty, K. M, 
and Bnkshi, .T. B., Z. nnorg. allgem. Chem., 217, 
277-83 (1934). 

79 White, E. C., and Shultz, J. F., Ind. Eng. 
Chem., 20. 05-7 (1934). 



1815 


SULFUR REMOVAL FROM SYNTHESIS GAS 
mation of methane. A cobalt catalyst con- gas the organic sulfur compounds until 


taining about 38 percent of copper was 
shown to be particularly active, and a 
simple method for the preparation and 
regeneration of this catalyst has been given 
by Storch and Pinkel.®° The cobalt-cop¬ 
per catalysts are sensitive to sulfur com¬ 
pounds, and hence the water-gas must be 
purified. Ivanovskii and Braude**^ sug- 
gosted the addition of a small amount of 
potassium dichroinate to this catalyst. 

Iron catalysts i)romoted by chromium 
and magnesium oxides are active at tem- 
lieraluros of 450 to 500“ C and are quite 
resistant to sulfur ])()isoning.^“ The opti¬ 
mum ratio of Fe : CV0O3 * MgO was found 
I0 be 1 : 1 : 0.03. Magnesia and zinc ox¬ 
ide promoted with a few percent of potas¬ 
sium oxide have been reported to be 
effective catalysts at about 3G0“ C. Schiissl 
has stated that a catalyst composed of 
active carbon and magnesia promotes the 
water-gas shift reaction at 350 to 420“ C 
and 12 to 14 atmospheres pressure with 
but little methane formation.®'^ This cata¬ 
lyst is not sensitive to sulfur ])oisons. 
Nickel catalysts promoted with a variety 
of nonreducible oxides have ])een tested for 
their activity in the water-gas shift reac¬ 
tion.^'’ Nickel i)lus 10 percent magnesia 
was recommended. 

SULFUR UKMOVAL FROM SYNTHESIS GAS 

For u.se in the Fischer-Tropsch process 
it is ncH’essary to remove from synthesis 

HO StorcTi, II. II., and Piiikel, 1. I., Ind. Eng. 
riinn., 2», 7jr> (1037). 

HI Ivannvskn. F. 1*., and Brnude. G. E., J. 
Vhem. Ind. (V.S.Fl.E.), 15, 14 9 (1937). 

HI’ Knroknwa, M., and Takenakn, Y., J. Eoc. 
('hem. Ind., Japan, 40, Suppl. JUiidiiig, 347 
(10.37). 

S3 Natta, G., and Rigainoti. K., Chimica e 
industrin {Italy), 18, 623-30 (1936). 

H-i SeliiisHl, P., Qas- u. Wassvrfach, 82, 359-62 
(1030). 

83 Tsutsuinl, 8., J. Chem. Sue., Japan, 58, 379 


they are not present in excess of 0.2 gram 
per 100 cubic meters (about 1 grain per 
1,000 cubic feet). This problem has been 
studied by Roelen and Roelen and Feisst,*® 
who have recommended a multistage proc¬ 
ess in which the initial step is the removal 
of hydrogen sulfide by moist iron oxide. 
This is followed by decomposition of part 
of the organic sulfur compounds by the 
action of a mixture of sulfurized iron and 
alkali metal carbonate at 300 to 450® C, 
cooling, and removal of hydrogen sulfide 
by moist iron oxide. The last stage is the 
passage of the partly desulfurized gas at 
a temperature of 150 to 300® C jover a 
mixture of iron oxide and a relatively large 
])ercentage of an alkali metal carbonate. 
Tsuneoka and Funasaka also have found 
an iron oxide catalyst effective at 350® C 
and a space velocity of 330 volumes of gas 
per volume of catalyst per hour. They 
used the "‘red mud’^ obtained as a byprod¬ 
uct in the manufacture of aluminum; it 
was dried for 12 hours at 105° C and then 
crushed to 3- to 5-millimeter (%-. to 14-inch) 
granules. 

Fuiia.‘^aka and Katayama studied the 
influence of various ])romoters for the iron 
oxide catalysts. They found that the addi¬ 
tion of K) ])crcent each of sodium hydrox¬ 
ide and thoria greatly imi)roved the iron 
oxide catalyst. These investigators showed 
that a 7 : 3 mixture of Luxmasse (techni¬ 
cal iron oxide) and diatomaceous earth 
with 30 i)orcent sodium hydroxide at 

so (1937). 60, 311-3 (1939). Chakravarty, K. 
M.. Ecicncc and Culture, 3, 396 (1938). 

86 Roelen, 0., Brennatoff-Chem., 12, 305-12 
(1931). Roelen, O., and Feisst, W., Ger. Pat. 
6.51,462 (1937) ; U. S. P^ts. 2,110,240-1 (1938). 

87 Tsuneoka, S., and Funasaka, W., J. 8oc. 
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«8 Funasaka, W., and Katayama, I., 8ci. 
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350® C reduced the sulfur to 0.07 gram per 
100 cubic meters (after subsequent hydro¬ 
gen sulfide removal). Funasaka®® claimed 
to have developed satisfactory catalysts by 
the addition of 10 percent of copper or 
nickel hydroxides to Luxmasse containing 
10 percent of sodium hydroxide. This cat¬ 
alyst when used at 200 to 250® C and at 
a space velocity per hour of about 250 was 
reported to reduce the sulfur content of 
synthesis gas to less than 0.2 gram per 100 
cubic meters. 

Griffith studied the removal of or¬ 
ganic sulfur by catalytic oxidation. A 
small quantity of oxygen (0.6 percent) was 
mixed with the gas and the mixture passed 
over a nickel catalyst prepared by deposi¬ 
tion of nickel hydroxide on china clay. 
The product, after removal of sulfur diox¬ 
ide and hydrogen sulfide, contained about 
10 grains of organic sulfur per 1,000 cubic 
feet. This sulfur content is too high for 
the Fischer-Tropsch process but may be 
lowered, perhaps, by the discovery of a 
more efficient catalyst. 

Another method of removing organic sul¬ 
fur compounds from gases containing hy¬ 
drogen is by catalytic reduction to hydro¬ 
gen sulfide which may then be removed 
by moist iron oxide in the usual manner. 
This method offers the possibility of using 
much higher space velocities than possible 
with the activated iron oxide-alkali cata¬ 
lysts. The liritish Fuel Research Board 
has reported some preliminary results of 
tests of this method in which a supi)orted 
uranium-cerium catalyst developed by Huff 
and Logan was used.®^ The catalyst con¬ 
tained uranium and cerium in the ratio of 

FunnsMkn, W., ibid., 37, 323-7 (1340). 

»o Griffith. K. H., Gas World, 107, 381-3 
(1937). 

»i Dept. 8vi. Ind. Research (Brit,), Fuel Re¬ 
search Board, Rept. for the Year Ended March, 
1939, Dp. 104-7. Huff. W. J., and Logan, L., 
Proc. Am. Gas Assoc., 1036, 724. 


4 : 1 by weight and was prepared by pre¬ 
cipitation by ammonia of the hydroxides 
onto pumice from a solution of the nitrates. 
The dried catalyst, before reduction, con¬ 
tained two-thirds of its weight of pumice; 
it was reduced before use with pure hydro¬ 
gen for 2 hours at 450® C, and was then 
run with sulfur-containing gas for 1 hour 
at the same temperature before measure¬ 
ments were begun. The subsequent per¬ 
formance was much impaired if the cata¬ 
lyst was allowed to cool down in hydrogen 
during this initial reduction and pretreat¬ 
ment with sulfur-containing gas. 

The experiments with cjirbon bisulfide 
and thiophene in hydrogen were carried 
out with a catalyst volume of 10 cubic 
centimeters. The apparatus included a 
constant-temperature entraimnent system 
whereby a definite amount of organic sul¬ 
fur compound could be introduced into the 
ingoing gas stream. The space velocity 
per hour was 5,700, and the temperature 
450® C. The hydrogen sulfide formed in 
the catalyst chamber was removed from 
the effluent gas by jiassage through alka¬ 
line potassium ferrocyanide solution, and 
the unchanged organic sulfur was deter¬ 
mined by combustion. Table TI contains 
the results of a run on the removal of car¬ 
bon bisulfide entrained in hydrogen in 
amounts comparable with those of organic 
sulfur commonly encountered in water gas. 
The catalyst ages in the second column 
refer to times half-way through the corre¬ 
sponding effluent sulfur determinations, 
each of which requires 2 hours. At first 
the catalyst was used only during the day¬ 
time, being allowed to cool down over night 
in pure hydrogen and raised in 1 hour to 
reaction temperature the next morning be¬ 
fore admission of the carbon bisulfide. 
From the results obtained in two subse¬ 
quent periods of continuous running (see 
Table II) it appears that the cooling and 
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TABLE II 

Catalytic Removal of Cakbon Disulfide 
FROM Hydrogen " 


Sulfur as Carbon Disulfide 


Mode of 

Age of 


■■ 

Running 

Catalyst 

Ingoing 

Effluent 

hours of running 

grams per 100 cubic meters 

Intermittent 

2 

29.0 

0.05 

(27 hours) 

9 

29.0 

0.05 


17 

29.0 

0.05 


24 

29.0 

0.05 


26 

29.0 

0.06 

Continuous 

29 

45.0 

0.05 

(72 hours) 

52 

45.0 

0.12 


62 

45.0 

0.28 


76 

45.0 

0.31 


98 

45.0 

0.38 

Continuous 

101 

64.0 

0.09 

(96 hours) 

125 

64.0 

0.19 


173 

64.0 

0.30 


194 

64.0 

0.30 


rehealiiiR of the catalyst in pure hydrogen 
had a revivifying effect. The results show 
that the catalyst was very effective for the 
removal of carl)on disulfide from hydrogen 
at the high throughput rate of 5,700 vol¬ 
umes per volume of catalyst per hour, but 
that a slight deterioration was apparent 
during continuous running. Blank experi¬ 
ments showed that the carbon disulfide 
content was unaffected when the gas was 
passed through the catalyst chamber at re¬ 
action temperature but in the absence of 
catalyst. 

Analogous experiments were carried out 
with thiophene in place of carbon disulfide. 
As was cx])ected, the thiophene was more 
difficult to decompose than carbon disulfide 
and caused a more rapid deterioration of 
the catalyst. The results of a run with 
thiophene are shown in Table III. The 
catalyst was first run on hydrogen contain¬ 
ing 11.7 grams of sulfur (as thiophene) per 
100 cubic meters. It was then run con¬ 
tinuously with a higher thiophene content 
corresponding to 45.7 grams of sulfur per 
100 cubic meters. As is seen from Table 
III, only about one-half of this increased 


TABLE III 

Catalytic Removal of Thiophene 
FROM Hydrogen 


Mode of 

Age of 

Sulfur as Thiophene 

Rimning 

Catalyst 

Ingoing 

Effluent 

hours of running 

grams per 100 cubic met( 

Intermittent 

3 

11.7 

0.89 

(15 hours) 

7 

11.7 

0.92 


10 

11.7 

1.07 


14 

11.7 

1.13 

Continuous 

18 

11.7 

1.36 

(28 hours) 

42 

11.7 

1.70 

Continuous 

68 

45.7 

24.3 

(26 hours) 




Intermittent 

72 

12.0 

5.5 

(12 hom^) 

78 

12.0 

6.2 


80 

12.0 

6.7 


Catalyst treated with aw for 3 hours at 450* C 

Intermittent 84 12.0 7.2 

(7 hours) 87 12.0 8.6 

amount of thiophene was removed, and 
when a return was made to the original 
thiophene content it was found that the 
catalyst activity had been considerably im¬ 
paired. This table also shows the results 
obtained after an unsuccessful attempt to 
revivify the catalyst by passing air over it 
at 450*" C and then reducing it. 

A run was carried out on the removal of 
carbon disulfide from a mixture of equal 
volumes of carbon monoxide and hydrogen, 
such as is encountered in water gas. The 
ingoing gas contained 80 grams of sulfur 
(as carbon disulfide) per 100 cubic meters, 
and after 22.5 hours’ intermittent running 
the corresponding figure for the effluent 
gas was 2.3 grams. On changing over to 
hydrogen containing the same quantity of 
carbon disulfide the effluent figure became 
0,38 gram per 100 cubic meters. Thus the 
performance of the catalyst was not so 
good when the concentration of hydrogen 
was reduced by admixture with carbon 
monoxide. 
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Catalysts 

The most active catalysts for the syn¬ 
thesis of liquid and solid hydrocarbons 
from hydrogen and carbon monoxide are 
mixtures of nickel or cobalt, or both, with 
activating materials such as alumina, 
thoria, or other difficultly reducible metal 
oxides. Nickel plus 20 percent of manga¬ 
nese oxide and 4 to 8 percent of thoria, 
alumina, tungstic oxide, or uranium oxide, 
mixed with 1.25 times its weight of kicsel- 
guhr, yields 100 to 160 cubic centimeters 
of liquid hydrocarbons per cubic meter of 
synthesis gas per pass at a space velocity 
(volumes of gas per volume of catalyst per 
hour) of about 150 and at optimum tem¬ 
peratures in the range 185 to 210® 

Nickel catalysts have also been studied 
by Russian investigators.®^ Nickel catalysts 
are best prepared by the addition of alkali 
carbonates to solutions of the metal ni¬ 
trates in which the kieselguhr is kept in 
suspension by mechanical agitation; the 
mixture is then filtered, washed, and dried. 
The presence of ammonia during the pre¬ 
cipitation of nickel-mangancse-alumina cat¬ 
alysts increases the yield in subsequent 
benzine synthesis and lowers the optimum 
reduction from 450 to 300-350° C.®* 

Clobalt catalysts containing 5 to 10 per¬ 
cent of copper, 4 to 12 percent of manga¬ 
nese oxide, and 4 to 12 percent of thoria, 
alumina, or uranium oxide mixed with 1.25 
times their weight of kieselguhr yield ®2 120 
to 170 cubic centimeters of liquid hydro¬ 
carbons per cubic meter of synthesis gas 

92 Fujimura, K., and Tauneoka, S., J. Boo, 
Chem. Jnd., Japan, 3G» Supyl. Binding, 119-21, 
413-0 (1933). Kita, G., J. Fuel 8oc., Japan, 
16, 60-2 (1937). Tsutsumi, S., ibid., 10, 65-60 
(1937). 

93 Klyukvin, N. A., and Vol’nov, Y. N., Khim. 
Tverdogo Topliva, 4, 365-62 (1933). Rapoport, 
I. B., Blyudov, A. P., Shevyakova, L., and 
Frantzuz, E., ibid., 6, 221-36 (1935). 

94 Flsflier, F., and Meyer, K., lirennatoff-Chcm., 
14, 47-50, 64-7, 86-9 (1938). 


per pass under the same conditions of 
space velocity and temperature as given 
above for nickel catalysts. The maximum 
theoretical yield is about 208 cubic centi¬ 
meters per cubic meter of gas containing 
hydrogen and carbon monoxide in a 2 : 1 
ratio. The use of cobalt catalysts gener¬ 
ally results in a lower yield of methane 
and in a higher proportion of olefins in the 
liquid hydrocarbon product. About 50 
percent of the cobalt may be replaced by 
nickel without appreciably affecting the 
important advantages of the cobalt cata¬ 
lysts.®® The cobalt catalysts may be pre- 
])ared by impregnation of kieselguhr with 
the metal nitrates and subsequent decom¬ 
position by roasting; their activity when 
thus prei)ared is about the same as when 
they are produced by precipitation from 
aqueous solutions.®® It appears, however, 
that the precipitation method is preferable 
for the preparation of nickel catalysts.®^ 

Fischer and his coworkers ®® have used a 
cobalt-copper-thoria-kieselguhr catalyst in 
most of their experiments. Tsutsumi ®® re¬ 
ported that a precipitated catalyst contain¬ 
ing equal parts of cobalt and nickel with¬ 
out the addition of promoters such as 
thoria or alumina was a very poor one for 
the hydrocarbon synthesis. lie stated that 
his most active catalyst was a mixture of 
e(pial parts of nickel and cobalt plus 20 per¬ 
cent manganese oxide, 20 percent uranium 

96 THunooka, 8., and Murata, Y., 8ci. Paper» 
Inst. Phys. Chem. Research (Tokyo), 34, 280- 
300 (1938) ; J. 8oc. Chem. Ind., Japan, 41, 
Suppl. Bindliitr, 52-7 (1938). 

96 TsutKumi, 8., 8ci. Papers Inst. Phys. Chem 
Research (Tokyo), 35, 481-G (1939) ; 30, 47-62 
(1939). 

97 Tsutsumi, S., ibid., 80, 251-61 (1939). 

98Koph, H., Oluckauf, 71, 85-90 (1935). 

Plchler, H., Z. Ver. deut. Ing., 79, 883-5 (1935) ; 
Coal Carbonisation, 1, 101-3 (1935). 

99 Tsutsumi, S., J. Fuel Boo., Japan, 14, 110-6 
(19.30) ; J. Chem. Boo., Japan, 58, 99G-1006 
(1937) ; 8ci. Papers Inst. Phys. Chem. Research 
(Tokyo), 35, 435-6 (1939), 30, 335-43 (1939). 



CATALYSTS 


1810 


oxide, and 125 percent of kieselguhr (the 
percentages are based on the amount of 
nickel plus cobalt present). Tsutsumi®® 
also found that the best ratio of catalyst to 
kieselguhr was in the range 1:1 to 2:1. 
Katayama and his coworkers reported 
that the activity of a cobalt-nickel (1 : 1)- 
inanganese-uranium-thorium oxides cata¬ 
lyst was increased by approximately 10 
percent if it was oxidized at about 20® C 
by a slow stream (space velocity per hour 
of about 150) of air before its final re¬ 
duction. 

Another method of preparing active 
nickel and cobalt catalysts was invented by 
Raney Alloys of nickel or cobalt or 
both with silicon or aluminum are pre¬ 
pared by fusion of the constituents in an 
induction furnace. The silicon or alumi¬ 
num is subsequently dissolved by aqueous 
caustic soda solution, leaving a ‘^skeleton” 
of nickel or cobalt, which is a highly po¬ 
rous, catalytically active material. Fischer 
and Meyer found that the use of silicon 
yielded catalysts of higher activity than 
those obtained from aluminum alloys; that 
the optimum ratio of nickel to cobalt was 
1:1, and that the presence of small 
amounts of copper or manganese was un¬ 
desirable. The catalyst prepared from 
nickel, cobalt, and silicon in the ratio of 
1:1:2 was very dense with an apparent 
specific gravity of about 4.5 and yielded 
about 20 percent less liquid product in the 
hydrocarbon synthesis than was obtained 
from the same weight of nickel plus cobalt 

100 Katayama, I., Mnrata, Y., Koido, H., and 
Tsunooka, S., Sci. Papers Inst. Phys. Chem. Re¬ 
search (Tokyo), 84, 1181-96 (1938) ; J. Boc, 
Vhem. Ind.j Japan^ 41, Suppl. Binding, 393-9 
(1938). 

101 Raney, M., U. S. Pals. 1,603,687 (1926), 
1,028,190 (1927), 1,915,473 (1933) ; J. Am. 
Chem. Bog., 64, 411(5-7 (1932). 

102 Fischer, P., and Meyer, K,, Bretmatoff- 
Chem., 16, 84-93 (1934). 


in the form of the precipitated catalysts 
described above.®^ The precipitated cata¬ 
lysts deteriorated more slowly than the 
“skeleton” alloy catalysts, which, however, 
were better heat conductors. Since the re¬ 
action is markedly exothermic (about one- 
fourth of the heat of complete combustion 
is evolved) the improved heat conductivity 
would result in a lower plant-installation 
cost with alloy catalysts. 

Attempts are being made to solve the 
heat-transfer problem by conducting the 
synthesis in a liquid medium in which the 
catalyst is suspended.^®® The heat of va¬ 
porization of the liquid removes heat rap¬ 
idly from the catalyst surfaces. The dis¬ 
advantages of the liquid medium are the 
difficulty of removing the products of the 
reaction and the larger space requirements. 
A procedure designed to facilitate re¬ 
moval of the reaction product is to pass the 
preheated synthesis gas into a 50-bubble 
tray tower at the rate of 1,000 cubic feet 
per hour. A catalyst suspension contain¬ 
ing about pound of finely divided nickel 
catalyst activated with magnesium and 
aluminum oxides suspended in 1 gallon of 
sulfur-free paraffin wax is charged through 
the tower at the rate of 300 gallons per 
hour. The reaction produces about 1 gal¬ 
lon of liquid hydrocarbons for each 1,000 
cubic feet of gas charged. 

The heat-transfer problem, when operat¬ 
ing in a gaseous medium, is solved by the 
use of very narrow layers of catalyst and 
the heat of vaporization of water as the 
cooling mechanism, the water being con¬ 
tained in cooling jackets under 10 to 15 

X 08 1. G. Farbenlndustrle A.-Q., Brit. Pats. 
449,274 (1936), 468,434 (1937), 616,862, 616,- 
403 (1939) ; U. S. Pat. 2,169,077 (1989). 

Fischer, F., and Plchler, H., Brennatoff-Ohem., 
20, 247-60 (1939). 

104 Standard Oil Development Co., Brit. Pat. 
496,159 (1938). 
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atmospheres pressure. The catalyst depth 
is usually about 10 millimeters.^®® 

Tsuneoka and his coworkers made 
a detailed study of the behavior of alloy 
catalysts for the Fischer-Tropsch hydro¬ 
carbon synthesis. In addition to confirm¬ 
ing the results of Fischer and his cowork¬ 
ers,the Japanese investigators studied 
the effects of particle size, bulk density of 
catalyst, pretreatment with hydrogen, and 
the material used for the construction of 
the reaction tube. They found that the 
optimum particle size for a space velocity 
of about 100 with a nickel-cobalt (1:1) 
catalyst prepared from the alloy nickel-co¬ 
balt-silicon (1:1:2) was 1 to 4 millime¬ 
ters. The yield of liquid hydrocarbons was 
about 130 cubic centimeters (93 grams) 
per cubic meter of synthesis gas. The effi¬ 
ciency of the catalyst at constant gas input 
for a given amount of catalyst diminished 
when the free space exceeded or fell below 
a certain optimum value, which varied 
with the diameter of the reaction tube. 
Thus, for 10 grams of nickel-cobalt (1:1) 
catalyst and 4 liters per hour of synthesis 
gas the optimum length (L) for 13-milli- 
meter tubing was about 30 centimeters; 
for 20-millimeter tubing L was 50 centime¬ 
ters. If the length was shorter than the 

106 Mauuesinannrohren-Wprke and Ruhrchemie 

A.-G., Brit. Pat. 464,242 (1937). I. G. Farbon- 
industrie A.-G., Brit. Pot. 469,618 (1937). 

Dorndorf, H., Kelting, M., and Trannn, H., U. S. 
Pat. 2,148,646 (1939). Kuhrchoinie A.-G., Brit. 
Pat. 502,771 (1939). 

lOG Tauneoka, S., J. 8oa. Ghent. Ind., Japan, 
37, Suptd. Binding, 738-44 (1934). Tauneoka, 
S.. and Miirata, Y., ihid., 38, Suppl. Binding, 
199-2X2 (1935), 30, Suppl. Binding, 267-78 

(1936), 40. Suppl. Binding, 4.38-49 (1937) ; 8ci. 
Papers Inst. Phys. Ghent. Research {Tokyo), 80, 
1-29 (1936), 83. 305-32 (1937). Murata, Y., 
Tsuneoka, S., and Isliikawa, S., J. 8oc. Ghent. 
Ind., Japan, 30, Suppl. Binding, 294-8, 325-33 
(1936) ; 8ci. Papers Inst. Phys. Ghent. Research 
(Tokyo), 80, 30-69 (1936). 

107 Tsuneoka, S., and Kurodn, R., ibid., 33, 
333-8 (1937) ; J. 8oc. Ghent. Ind., Japan, 40, 
Suppl. Binding, 449-54 (1937). 


optimum, the average molecular weight of 
the liquid hydrocarbon product decreased, 
and more gaseous hydrocarbons were pro¬ 
duced. This effect was presumably due to 
the existence of higher local temperatures 
when the catalyst was packed into a 
smaller space. If the free space exceeded 
the optimum value, a lower yield per pass 
was obtained owing to ^^channeling^^ of the 
gas. 

At constant gas input, tube diameter, 
and bulk density (grams of catalyst per 
cubic centimeter), and with varying quan¬ 
tities of catalyst (that is, varying space 
velocities), a limiting value was reached 
that depended on other reaction conditions. 
A further increase in the quantity of the 
nickel-cobalt catalyst (decrease in space 
velocity) did not influence the yield of 
liquid hydrocarbons but increased the yield 
of carbon dioxide and gaseous hydrocar¬ 
bons. With less than the limiting amount 
of catalyst (that is, at higher space veloc¬ 
ities) the liquid product was of lower 
molecular weight and also it contained more 
olefins. For a tube diameter of 8 millime¬ 
ters, a bulk density of catalyst correspond¬ 
ing to 10 grams per IS centimeters of tu])e 
length, and with a gas input of 4 liters per 
hour the best yield obtained with 22 grams 
of a nickel-cobalt catalyst at 180® C was 
127 cubic centimeters (01 grams) per cubic 
meter of synthesis gas. 

Pretreatment with hydrogen is not es¬ 
sential for the nickel-cobalt catalyst but 
appears to be desirable for the nickel cata¬ 
lyst obtained from a nickel-aluminum al¬ 
loy. The latter catalyst, as well as those 
obtained from alloys of nickel with silicon, 
with manganese and silicon, and with iron 
and aluminum, are markedly inferior to 
the nickel-cobalt catalyst prepared from a 
nickel-cobalt-silicon alloy. The catalyst 
obtained from a nickel-cobalt-magnesium 
alloy is a very poor one; examination^®^ 
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of polished and etched sections under the 
microscope indicate a much coarser crystal 
structure for it than for the nickel-cobalt- 
silicon alloy. Some data on the activity of 
nickel and cobalt catalysts obtained from 
nickel-aluminum, cobalt-aluminum, and co¬ 
balt-silicon alloys have been presented by 
Rapoport and Polozhintseva.^®® 

The relatively high cost of cobalt and 
nickel has prompted continuous research 
on the development of iron catalysts for 
the hydrocarbon synthesis. Decarriere and 
Antheaume^®® have claimed to have im¬ 
proved on the Fischer and Tropsch 
iron-copper catalyst by using less copper. 
However, Kodama and Fujimura,^^® who 
studied iron-copper catalysts with the ra¬ 
tios 1:2, 1 : 1, 3 : 1 and 5 : 1, could find 
little, if any, difference in the catalytic ac¬ 
tivity of these four mixtures. They also 
found that an iron-copper (1:1) catalyst 
containing 0.5 i)ercent of alkali wjis active 
for a considerably longer time than those 
containing more alkali. 

X-ray studies have shown that all ac¬ 
tive iron-copper prec;ipitated catalysts con¬ 
tain magnetic iron oxide, re304 When 
sharply defined X-ray lines were obtained, 
the catalytic activity was least, owing to 
the presence of many large crystals. The 
active catalysts were found to have only 
weak magnetic susceptibility before the 
Curie point is reached. For a thermomag- 
netic study, Lefebvre and LeClerc pre¬ 
pared two iron catalysts: one was precipi¬ 
tated from a solution of ferric nitrate by 

los Unpoport, 1. B., and Polozhintspva, K., 
Khim. Tverdogo ToplirUj 9, 04-70 (1938). 

](>» I)HcnrriPn*, K. and Antli^^anrae, I., Vompt. 
rend., IJMt. 1889-90 (1933). 

Jio Kodama, S., and Fujimura, K., Set. Paper 
Inst. Phys. Chem. Research {Tokyo), 29, 272-84 
(1930). 

Ill Anth^aume, I., Decarrifere, E., and R6ant, 
R., Chimie & industries 31, 421-3 (1934). 

iia Lofobvre, H., and LeClerc, G., Gompt. rend., 
208, 1378-80 (1936). 


means of ammonia; and the other was sim¬ 
ilarly precipitated, but 1 percent of potas¬ 
sium carbonate was added to the catalyst. 
The former exhibited only one Curie point 
at 575“ C corresponding to magnetic iron 
oxide, and yielded per cubic meter of syn¬ 
thesis gas 25 grams (35 cubic centimeters) 
of liquid hydrocarbons, which boiled almost 
entirely in the gasoline range (that is, about 
200® C end point). The latter catalyst, 
containing 1 percent potassium carbonate, 
possessed two Curie points, the magnetic 
iron oxide one at 575® C and the other at 
250” C, corresponding to a solid solution of 
potassium ferrite (KFe02) in ferric oxide. 
This catalyst yielded, per cubic meter of 
synthesis gas, 45 grams ol liquid hydrocar¬ 
bons, of which 20 grams was gasoline, 15 
grams solid paraffin, and 25 grams oil boil¬ 
ing above 200® C. Subsequently LeClerc 
and Lefebvre showed that the enhanced 
activity obtained by the addition of alkali 
carbonates to cubic FcoOa is due to the 
.stabilization of this crystal form and pre¬ 
vention of transition to magnetic iron ox¬ 
ide, which is a much less active catalyst. 
This view is supported by LeClerc’s meas¬ 
urements of the magnetic jiroperties of the 
materials. The presence of alkali is indis¬ 
pensable for the formation of cubical ferric 
oxide; in the absence of alkali only mag¬ 
netite is stable. The function of small 
quantities of other metals such as copper, 
which are known to be desirable constitu¬ 
ents of iron catalysts, is to facilitate the 
reduction step that terminates the prepa¬ 
ration of the catalyst and to favor the ad¬ 
sorption of a certain amount of alkali salt 
during the preparation of the catalyst, 
thereby aiding indirectly in the formation 
of cubical ferric oxide. 

113 LeClerc, G., Compi. rend., 207, 1099-101 
(1938). Lefebvre, H., and LeClerc, G., Congr. 
chim. ind., Gompt. rend., 18me congr., Nancy, 
Bepi.-Oct. 19S8, 725-30. 
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Ghosh and Sen prepared some iron- 
copper catalyst containing 0.6 percent po¬ 
tassium carbonate and small amounts of 
nickel and rare-earth oxides by impregna¬ 
tion of such quantities of asbestos with the 
metal nitrates that 50 percent of asbestos 
was present in the final catalyst. Passing 
0.65 liter of synthesis gas per hour over 5 
grams of each catalyst yielded 30 grams of 
liquid hydrocarbons per cubic meter for 
Fe-Cu-Ni, 4:1: 0.01; 45 grams for Fe-Cu- 
Ni, 4 : 1 : 0.02; and 80 grams for Fe-Cu- 
Ni-CeOs-ThOg, 4:1: 0.05 : 0.001 : 0.006. 
Tsuneoka and his coworkers have also 
studied the i)reparation of iron-copper cat¬ 
alysts. Two catalysts, the one containing 
iron, copper, kieselguhr, and potassium car¬ 
bonate in the ratio 4:1:5: 0.08 and the 
other 0.08 part of manganese in addition 
to the same constituents as in the former 
catalyst, were prepared by mixing solutions 
of the nitrates with unpurified kieselguhr 
and precipitating with a solution of an 
equivalent amount of alkali carbonate. 
The precipitate, after filtration and wash¬ 
ing, was impregnated with a small amount 
of potassium carbonate, air dried at 100° C, 
and pulverized. The yields were 83 and 88 
cubic centimeters of liquid hydrocarbons, 
respectively, per cubic meter of a gas con¬ 
taining equal parts of hydrogen and car¬ 
bon monoxide when 3.S liters per hour per 
4 grams of iron was employed at 250° C. 
The oxygen appeared entirely as carbon 
dioxide rather than as water, which is 
the main oxygen-containing product of co¬ 
balt and nickel catalysts. The oi)timum 
amounts of copper and potassium carbon- 

114 Ohosh, J. C., and Sen, S., J. Indian Chem. 
80c., 12, 53-62 (1935). 

118 Tsuneoka, S., Murata, Y., and Mukino, S., 
8ci. Papers Inst. Phys. Ghent. Research {Tokyo), 
»5, 330-47 (1939); J. 8oc. Chem. Ind., Japan, 
42. Suppl. Binding, 107-14 (1089). Murata, Y., 
Maklno, B., and Tsuneoka, S., ibid., 42, Snppl. 
Binding, 114-21 (1939) ; Bci. Papers Inst. Phys. 
Chem. Research {Tokyo), 86 , 848-55 (1089). 


ate for this catalyst were found to be 20 
to 40 percent and 2 to 3 percent, respec¬ 
tively. The addition of 5 percent of nickel 
or cobalt enhanced the activity for synthe¬ 
sis gas, but was undesirable for gas con¬ 
taining equal parts of hydrogen and carbon 
monoxide. Water formation was observed 
when the catalyst contained more than 2.5 
percent of nickel. The addition of thoria, 
urania, etc., to an iron catalyst containing 
10 percent of nickel did not affect its ac¬ 
tivity appreciably. 

The I. G. Farbenindustrie A.-G. has re¬ 
ported that partial sintering of a precipi¬ 
tated iron-alumina catalyst by reduction 
at 850° C enhances its activity for the syn¬ 
thesis of liquid hydrocarbons.^’® Troit- 
skii recommended fusion of metallic iron 
or magnetic ore with potash or alumina or 
other activators in a stream of oxygen. 
Just before the melt solidified, a powder 
of the same composition, made under the 
same conditions, was added. Similarly 
prepared cobalt or nickel catalysts also 
were recommended. The I. G. Farbenin¬ 
dustrie A.-G. also recommended the pro¬ 
duction of catalysts of the iron group by 
decomposition of a carbonyl compound of 
the metal at such a temperature above 
500° C but below the melting point of the 
metal, and for such a length of time, a.s 
produces at least partial sintering of the 
metal.”® Thus, for example, iron j)owder 
that has been obtained by thermal decom¬ 
position of iron carbonyl was i)ressed into 
pills and heated at 850° C in the i)resence 
of hydrogen for several hours, whereby the 
pills sintered to a density of about 7. With 
synthesis gas at 320° C and 15 atmos¬ 
pheres pressure a “very good” yield of 

110 1. G. Farbenindustrie A.-Q., Brit. Pats. 
473,932, 474,448 (1937), 496,880 (1938). 

117 Troitskil, K. V., Russian Pat. 54,892 
(1939) ; Oel u. Kohle, 86. 78 (1940). 

118 I. G. Farbenindustrie A.-G., Brit. Pat. 490,- 
090 (1988). 
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liquid and solid hydrocarbons and only 
minor amounts of oxygenated compounds 
were obtained. 

Ruthenium powder itself and a mixture 
thereof with 2 percent potassium carbonate 
has been tested as catalyst for the Fischer- 
Tropsch hydrocarbon synthesis. Liquid hy¬ 
drocarbons were obtained at atmospheric 
pressure,and at about 90 atmospheres 
the product was mainly solid paraffins.^^o 
At atmospheric pressure the yield of hy¬ 
drocarbons was very low, but at the higher 
I>ressure 120 grams of 80 to 90 percent 
solid paraffin plus 10 to 20 percent of oil 
were obtained. The use of ruthenium cat¬ 
alysts at pressures up to 1,000 atmospheres 
will be described in a later section of this 
chapter. 

Some attention has been given to the se¬ 
lection of suitable refractory supports for 
precipitated catalysts and for catalysts 
prepared by impregnation of the support 
with a solution of nitrates and subsequent 
rojusting. In addition to kieselguhr and 
asbestos, mentioned above, magnesium car¬ 
bonate^-^ and several other compounds, 
namely, barium sulfate, silicon carbide, 
chromium oxide, aluminum oxide, and sili¬ 
cates,^-- have been recommended. The 
Kubrcliemie A.-G. also suggested heating 
certain carrier materials to incandescence 
so as to reduce their solubility in any acid 
reagents that might be emjiloyed for cata¬ 
lyst regeneration.’-^ 

All the catalysts used in (he synthesis of 
higher hydrocarbons from hydrogen and 
carbon monoxide are very readily iioisoned 
by sulfur compounds. Thus, the activity 

lU) Finchor, F., Buhr, T., and Mount*!, A., 
Brennstotf-Chem., 10, 400-9 (lOSrt). 

120 FIsohor, F., and Piolilor, H., ibid., 20, 247— 
50 (1939). 

121 Kulirohemie A.-G., Brit. Pats. 498,007 
(1938), 518,334 (1939). 

122 Ruhrehemie A.-G., Fr. Pat. 819,701 (1937). 

123 Ruhrehemie A.-G., Brit. I»at. 500,182 
(1989). 


of nickel-manganese-thoria and nickel-man- 
ganese-kieselguhr catalysts was reduced 50 
percent by 17 and 135 milligrams, respec¬ 
tively, of hydrogen sulfide per gram of 
nickel. The reported tolerance for carbon 
bisulfide of the same catalysts is much 
larger than that for hydrogen sulfide .^24 ^ 
similar report of a large tolerance for or¬ 
ganic sulfur as compared with hydrogen 
sulfide was given by King^^e for cobalt- 
thoria-kieselguhr (100 : 18 : 100) catalyst. 
King stated: 

In our experiments, carbon disulfide was 
added to the process gas over a period of 4 
days tn an extent corresponding to 33 milli¬ 
grams of sulfur per cubic centimeter of cata¬ 
lyst. The catalyst continued to synthesize 
oil at a high degree of conversion, but in 
order to maintain the efficiency it was neces¬ 
sary to raise the temperature progressively 
from 185 to 210*’ C. With the space velocity 
used (190 volumes per volume per hour) the 
degree of fouling corresponds to about 10 
years’ working at the concentration of sulfur 
(0.2 gram i)cr cubic meter) usually accepted 
as the highest permissible. 

Fujimura and his coworkers reported 
also that the initial effect of small amounts 
of hydrogen sulfide was to increase the cata¬ 
lyst (nickel-manganese) activity. This was 
confirmed by Ilerington and Woodwaid 
for cobalt-thoria-kieselguhr (100 : 18 : 100) 
catalysts. Hydrogen sulfide was mixed 
with the synthesis gas in small measured 
batches. No hydrogen sulfide was elimi¬ 
nated in the off-gas during the course of 
the sulfur-poisoning experiments. The re¬ 
sults are given in Table IV. 

The first additions of sulfur caused a 
marked increase in the yield of liquid hy- 

124 Fujimura, K., Tsuneoka, S., and Kawa- 
miehi, K., J. Sue. Ghem. Ind., Japan, 87, Suppl. 
Binding, 395-400 (1934). 

125 King, J. G., J. Inst, Fuel, 11, 484-5 
(1938). Myddipton, W. W., ibid., 11, 477-84 
(1938). 

126 Ilerington, B. P. G., and Woodward, L. A., 
Trans. Faraday 8oc., 85, 958-07 (1939). 
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TABLE IV 

Effect of Hydrogen Sulfide on Yield 

Ratio of Hydrocarbon 
Yield to Corresponding 
Yield before Addition 
of Sulfur 


Amount 

Catalyst 

Con¬ 

Hydrocarbons 

of Sulfur 

Temper¬ 

densed 

in Off-Gas 

Added 

ature 

Oil 

Cl.7 

milligrams per gram 




of catalyst 

®C 



0.00 

183 

1.0 

1.0 

0.67 

183 

2.3 

1.0 

3.50 

183 

2.1 

0.8 

7.94 

183 


0.5 

7.94 

195 

2.0 

1.3 

13.4 

195 

1.5 


33.5 

207 

1.2 

2.1 


drocarbons at constant reaction tempera¬ 
ture. There was, however, an immediate 
falling off in the yield of gaseous hydro¬ 
carbons. The total hydrocarbon yield in¬ 
creased until more than 8.0 milligrams of 
sulfur had been added to each gram of 
catalyst. Further additions of hydrogen 
sulfide caused a drop in total hydrocarbon 
yield, but, as shown in Table IV, this could 
be offset by raising the reaction tempera¬ 
ture rather more rapidly than would nor¬ 
mally be necessary in the absence of hy¬ 
drogen sulfide. The higher temperatures 
favor the production of lighter hydrocar¬ 
bons, but even so, after the addition of as 
much as 33.5 milligrams of sulfur per gram 
of catalyst, the yield of liquid hydrocar¬ 
bons was still 20 percent greater than be¬ 
fore the addition of sulfur. Further addi¬ 
tions of sulfur resulted in a continuous de¬ 
crease in activity until complete poisoning 
was reached. 

Pressure, Diluents, Hydrogen-to-Car- 
BON Monoxide Ratio, Throughput, Tem¬ 
perature, Adsorption, and Probable Re¬ 
action Mechanism 

The earlier work of Fischer and his co¬ 
workers showed that high pressure favored 


the formation of ^^Synthof’ and of high- 
molecular-weight hydrocarbons and re¬ 
duced the yield of liquid hydrocarbons per 
cubic meter of synthesis gas.^^^ Pressures 
lower than atmospheric necessitated pro¬ 
portionately greater amounts of catalyst 
for equal conversion to hydrocarbons, al¬ 
though the average molecular weight and 
chemical composition of the product were 
unaffected by the reduced pressure.^^s 

This effect of pressures below 1 atmosphere 
is somewhat difficult to understand, as sub¬ 
sequent experiments with nickel-manga¬ 
nese-aluminum catalysts by Myddleton 
and Walker^-® showed that dilution of a 
mixture of equal parts of hydrogen and 
carbon monoxide with inert gases such as 
nitrogen increased the yield somewhat. It 
is possible that the slow step in the reac¬ 
tion is the desorption of the i)roducts, and 
that the rate of such desorption is directly 
proportional to the total gas pressure; this 
would be true if desorption due to molecu¬ 
lar bombardment from the gas phase was 
very much more rapid than that due to 
energy transfer from the catalyst. 

Tsuneoka and Fujimura obtained data 
on the effect of diluents, particularly ni¬ 
trogen, methane, and carbon dioxide, using 
a nickel-manganese-thoria catalyst. They 
found that gaseous mixtures containing less 
than 20 percent of* these gases had no 
deleterious effect on the reaction. Lower 
yields, however, were obtained with 40 i)er- 
cent of nitrogen. Carbon dioxide was more 
effective than either nitrogen or methane in 
reducing the yield. With gradual dilution 
of the initial gas containing 2 parts of hy- 

127 Fischer, F., and Kiister, II., Brennstoff- 
Chem., 14, 3-8 (1938). 

128 Fischer, F., and Pichler, H., ibid., 12, 305- 
72 (1931). 

129 Myddleton, W. W., nnd Walker, .T., J. Sor. 
Chem. Ind., 55, 121-4T (1936). 

130 Tsuneoka, S., and Fujimura, K., J. 8or. 
Chem. Ind.^ Japan, 37, Suppl. Binding, 704-11 
(1934). 
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drogen and 1 of carbon monoxide, the mo¬ 
lecular weight of the liquid hydrocarbon 
product decreased. The effect of carbon 
dioxide reported by Tsuneoka and Fuji- 
mura^^® should be compared with the re¬ 
sults obtained by Fischer and Pichler^*^ 
with various nickel, cobalt, and iron cata¬ 
lysts. They reported that whereas the 
presence of carbon monoxide in a carbon 
dioxide-hydrogen mixture retarded the cat¬ 
alytic hydrogenation, the presence of car¬ 
bon dioxide in a carbon monoxide-hydro- 
gen mixture exerted no influence on the 
yield of liquid hydrocarbons. No explana¬ 
tion of these conflicting reports concerning 
the effect of dilution with carbon dioxide 
is apparent. 

The effect of increasing the carbon mon¬ 
oxide-hydrogen ratio is to produce more 
olefins and more carbon dioxide.^®^ ^ 
larg^ excess of hydrogen produces a satu¬ 
rated product and favors methane forma¬ 
tion. The percentage of olefins decreases 
in the order iron, cobalt, nickel (60, 40, 
and 5 percent, respectively, of olefins in 
the product) when these are used as cata¬ 
lysts, and increases with very short layers 
of catalyst (high space velocities). The 
yield of olefins is inversely proportional to 
the hydrogen content of the synthesis 
gas.^®® A carbon monoxide-to-hydrogen 
ratio of 0.5 is the optimum for the maxi¬ 
mum yield of hydrocarbons.^®^ 

A detailed study of the effect of pres¬ 
sures above atmospheric was made by 

131 Fischer, F., and Pichler, H., Brennstoff- 
Chem., 14, 306-10 (1933). 

182 Walnnabe, S., Morikawa, K., and Ignwa, 
S., J. Chem. 8oc., Japan, 38, Suppl. Binding, 
328-31 (1935). 

133 Murata, Y., and Tsuneoka, S., ihid., 41, 
Suppl. Binding, 10-22 (1938) ; 8 cL Papvrtf Inst. 
Phys. Chem. Research {Tokyo) ^ 34, 99-115 
(1937). 

184 Tsuneoka, S., and Fujimura, K., J. 8oc. 
Chem. Ind., Japan, 37, Suppl. Binding, 463-7 
(1934). 


Fischer and Pichler^®® in 1939. As the 
pressure was increased above atmospheric, 
the yield at first increased and then (above 
5 atmospheres) decreased. Table V shows 
the results with a cobalt-thoria-kieselguhr 
catalyst when 1 liter per hour of synthesis 
gas was used per gram of cobalt. The 
data are averages for 4 weeks’ operation. 
Only a single pass of the gas through the 
catalyst was made, and no catalyst regen¬ 
erating was done. 

Martin presented similar data on the 
effect of pressure on the total and frac¬ 
tional yields when employing two-stage op¬ 
eration, In Fischer and Pichler’s data^®® 
the total yield of solid plus liquid hydro¬ 
carbons showed a minimum drop with time 
for reaction pressures of 5 to 15 atmos¬ 
pheres. \t these pressures the initial yield 
was more than 150 grams per cubic meter 
and was still more than 100 grams per 
cubic meter after 26 weeks of operation. 
At atmosi'heric pressure the yield dropped 
from 130 to 100 grams per cubic meter in 
only 4 weeks of operation. At 150 atmos¬ 
pheres the drop in yield with time was 
very rapid. At such pressures there was 
a noticeable formation of cobalt carbonyl 
and consequent loss of activity of the cata¬ 
lyst; nickel catalysts deteriorated even 
more rapidly. 

The slower drop in activity of the cata¬ 
lyst at medium pressures was shown also 
by the smaller temperature increase re¬ 
quired to maintain maximum activity. In¬ 
creasing time of operation was associated 
with a gradual drop in catalytic activity, 
presumably owing to the accumulation of 
solid hydrocarbons on the catalyst. This 
reduction could be partly compensated by 
raising the temperature at which the reac- 

135 Fischer, F., and Pichler, H., Brennstoff- 

Chem., 20, 41-61 (1939). r 

136 Martin, F., Chem. Fabrik, 12, 288;>8 

(1939). 
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TABLE V 


Effect of Pressures above Atmospheric on Yields op Products in Fischer-Tropsch 

Synthesis 



Total Yield of 



Gasoline 

Gaseous Hydro¬ 


Solid and Liquid 

Parafiin 

Oil Boiling 

Boiling 

carbons Includ¬ 

Pressure 

Hydrocarbons 

Wax 

above 200° C 

below 200 ® C 

ing C 3 and C 4 

atmospheres 


grams per cubic meter of 83 mthesis gas 


1.0 

117 

10 

38 

69 

38 

2.5 

131 

15 

43 

73 

50 

6.0 

150 

60 

51 

39 

33 

16.0 

145 

70 

36 

39 

33 

51.0 

138 

U 

37 

47 

21 

151.0 

104 

27 

34 

43 

31 


tion was carried out. In the experiments 
at 5 to 15 atmospheres the initial tempera¬ 
tures of 175 to 180® C were not raised to 
195® C even after 6 months' operation. At 
1 atmosphere the initial 180® C had to be 
raised to 195® C after 5 weeks. The rate 
of temperature increase necessary to main¬ 
tain activity was less if the paraffin was 
periodically removed from the catalyst by 
solvent extraction or by destructive distil¬ 
lation in a stream of hydrogen. The ad¬ 
vantages of intermediate pressures for the 
hydrocarbon synthesis have been claimed 
in several patents,^®^ 

The effect of pressures up to 100 atmos¬ 
pheres on the synthesis of hydrocarbons 
on a ruthenium catalyst was studied by 
Fischer and Pichler^^o ^nd by Pichler,^®® 
and up to 1,000 atmospheres by Pichler 
and Buffleb.^®® The results obtained in ex¬ 
periments at pressures from 15 to 1,000 at¬ 
mospheres and at a temperature of 180® C 
are shown in Fig. 10. Three grams of 
ruthenium catalyst was used, and the flow 
of synthesis gas was so adjusted that 1 liter 
of effluent gas was obtained per hour. Un¬ 
der these conditions the conversion to hy- 

187 Metallgesellschaf t A.-6., Brit. Pats. 610,- 
aSO, 610,6ia-4 (1980). 

issPicbler. H., BrenmtoS-Chfm., 19. 226-80 
(1088). Pichler, H., and Buffleb, H., ibid., 21, 
207-64 (1940). 


drocarbons increased rapidly with increas¬ 
ing pressure up to about 300 atmospheres 
and more slowly above this pressure. At 
all pressures, solid paraffinic hydrocarbons 
constituted about 60 percent of the total 
yield of liquid plus solid hydrocarbons. 
The fraction of gaseous hydrocarboi^ in 
the products was approximately 25 percent 
for all pressures. 

Operating at 10 atmospheres pressure 
with a cobalt-thoria-kieselguhr (100 : 18 : 
100) catalyst and employing two-stage op¬ 
eration, Fischer and Pichler studied the 
influence of contact time on the amount 
and nature of the hydrocarbons produced. 
The results are given in Tables VI and 
VII and are graphically presented in Fig. 
11. Four grams of cobalt was contained in 
the second stage and 8 grams in the first 
stage. The apparatus consisted of two 
thermostated (with water-steam under 
pressure) 1-centimeter tubes with a trap 
for liquid hydrocarbons at the exit of each 
tube. For the first stage two tubes were 
connected in series, and contained in the 
same thermostat, and the depth of catalyst 
in each was about 50 centimeters. The 
temperature was adjusted in each test for 
optimum yield of liquid plus solid hydro- 

189 Fischer, P., and Pichler, H., Brennetoff- 
Chem., 20. 221-8 (1939). 
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Fig 10 Yield and character of products from a ruthenium catalyst at 180* C.^*' 


carbons One of the outstanding facts 
shown by Table VI and Fig 11, m which 
the results of these tests are presented, is 
the extraordinarily small amounts of C2 
hydrocarbon produced This marked dis¬ 
continuity in the composition of the prod¬ 
uct should be correlated i\ith Smith, Hawk, 
and Golden’s^® observations that ethylene, 
when added to the reactants, enters into the 
synthesis, although little or no reaction to 
form higher hydrocarbons occurs with 
ethylene alone or with ethylene plus either 
hydrogen or carbon monoxide alone Crax- 
ford^^o confirmed the results obtained by 

140 Craxfopd, S. R, Tram Faraday Boc 85, 
946-68 (1939) 


these experimenters. This matter will re¬ 
ceive further discussion m connection with 
speculations concerning the mechanism of 
the reaction. 

The yield of solid paraffin decreased with 
increasing throughput, as did also the total 
yield of higher hydrocarbons. Per cubic 
meter of synthesis gas, yields approaching 
190 grams of solid, liquid, and gaseous 
(03 + 04 only) hydrocarbons were ob¬ 
tained with a throughput of 0.2 liter per 
hour per gram of cobalt. This yield, con¬ 
sisting of 48 percent solid paraffin, 44 per¬ 
cent liquid hydrocarbons, and 8 percent of 
gasol (O3 + O4), formed about 90 percent 
of the theoretical (208 grams per cubic me- 
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TABLE VI 

iNtERMEDIATB PbESBURE SYNTHESIS IN TwO STAGES AT VARIOUS THROUGHPUTS 

(‘^Condensed** hydrocarbons are liquid at 10 atmospheres and room temperature) 


Through* 

put, 


Yield of Cs and 

Pwcent Conver- Yield Higher 

Bion of Carbon ' ^ ' Hydrocarbons 




tper Hour 

Temperature 

Contraction 

Monoxide 

Con¬ 






-^ 


Time 

I per 

t - 


1 - 


, - 

--\ 

densed 





Grams 

Percent 

Exp. 

of 

, Gram of 

First 

Secoiid 

First 

Second 

First 

Second 

Hydro¬ 

Gaso¬ 




per Cubic 

of The¬ 

No. 

Test l'<?/obalt 

Stage 

Stage 

Stage 

Stage 

Stage 

Stmte 

carbons 

line 

C3+r4 

C2 

Cl 

Meter 

oretical 


days 

' liters 

*C 

“C 

percent 




grams per cubic meter 




1 

l2 

1.12 

189 

189 

56.5 

81.5 

62 

89 

141 

15 

10 

2 

16 

166 

80 

2 

^3 

1.11 

190 

190 

55.5 

81.1 

60 

88 

140 

15 

10 

2 

17 

165 

80 

3 

23 

1.15 

192 

192 

59.0 

82.0 

64 

89 

134 







4 

24 

0.87 

190 

192 

60.0 

84.4 

65 

92 

144 

15 

12 

2 

19 

171 

82 

5 

26 

0.87 

189 

192 

55.0 

84.4 

61 

92 

142 

15 

12 

2 

21 

169 

81 

6 

28 

0.43 

190 

192 

69.5 

84.5 

78 

98 

133 







7 

29 

0.83 

191 

192 

65.8 

84.1 

74 

94 

144 

16 

13 

1.4 

19 

173 

83 

8 

30 

0.46 

186 

187 

69.0 

85.3 

78 

96 

148 







9 

31 

0.48 

184 

185 


85.2 


95 

150 

14 

15 

2 

13 

179 

86 

10 

33 

0.43 

184 

184 

66.0 

85.1 

72 

94 

151 

14 

15 

2 

12 

180 

86 

11 

34 

0.43 

185 

185 

64.0 

84.7 

72 

95 

150 

14 

15 

2 

12 

179 

86 

12 

35 

0.27 

178 

177 

69.0 

86.1 

75 

96 

157 

11 

16 

1 

12 

184 

88 

13 


0.24 

175 

177 


85.1 


94 

158 

11 

16 

1 

7 

185 

89 

14 

37 

0.25 

177 

177.6 

69.0 

86.1 

76 

98 

159 

11 

16 

1 

11 

186 

89 

15 

40 

1.02 

195 

195 

48.5 

75.0 

64 

82 

114 

24 

20 

2 

12 

158 

V6 

16 

41 

1.09 

198 

198 

51.0 

77.1 

57 

84 

114 

24 

20 

2 

14 

158 

76 

17 

42 

2.13 

212 

212.5 

61.0 

77.0 

70 

88 

98 

26 

19 

1 

35 

143 

69 

18 

43 

2.16 

213.5 

214 

59.0 

76.5 

66 

87 

96 

26 

19 

1 

33 

141 

68 

19 

44‘ 

1.3 

202.5 

202.5 

59.0 

79.7 

65 

88 

118 

24 

20 

2 

20 

162 

78 

20 

45' 

1.26' 

204.5 

204.5 

60.t) 

79.4 

68 

90 

115 

24 

20 

2 

21 

159 

76 

21 

47 

1.28 

205 

205 

62.0 

79.8 

69 

90 

116 

24 

20 

2 

23 

160 

77 


TABLE VII 

Estimates of Paraffin Yield ’ 

Paraffin Yield 


Exp. 

Throughput 
per Hour per 


In Percent of Condensed 
Hydrocarbons 

Grams per 
Cubic Meter of 

No. 

Gram of Cobalt 

Temperature 

First Stage 

Second Stage 

Synthesis Gas 

13-14 

liters 

0.24-0.27 

°C 

175-178 

52.8-54.6 

54.5-56.0 

86 

4-5 

,0.87 

189-192 

40.4-40.7 

40.2-40.8 

58 

16-16 

1.02-1.09 

196-198 

33.0 

31.4-32.9 

37 

17-18 

2.13-2.16 

212-214 

20.4-20.8 

19.2-21.6 

20 
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Throughput, Liters per tiour per Gram Co 

Fi«. 11. Ii)t<*rinfdiate pressure synthesis: cobalt catalyst, yields, and carbon balance versus 
throughput.^** 


ter). At a throughput of 2.0 liters per 
hour, 145 grams of hydrocarbons (exclud¬ 
ing Cj + C 2 ) were obtained, of which 14 
percent was solid paraffin, 73 percent liq¬ 
uid hydrocarbons, and 13 percent gasol. 
The increased methane formation with in¬ 
creasing throughput, shown in Fig. 11, is 
due to the increasing optimum temperature 
(see Table VI). If the temperature is kept 
constant the yield of solid plus liquid hy¬ 
drocarbons per cubic meter of synthesis 
gas drops rapidly with increased through¬ 
put. Table VIII contains some data ob¬ 
tained by Fischer and Pichler at 200® C 
and 15 atmospheres with a cobalt-thoria- 
kieselguhr catalyst. Similar data were ob¬ 
tained by Tsuneoka and Fujimura and 
by Aicher, Myddleton, and Walker.^^^ 
Data obtained by Tsuneoka and Nishio 

141 Aicher, A., Myddleton, W. W., and Walker, 
J., J. Siur. Chem. Ind., 54, 310-20T (1935). 

142 Tsuneoka, S., and NlBhio. A., J. Boc. Chem. 
Ind.f Japan, 41, Suppl. Binding, 11-6 (1938); 


TABLE VIII 

Effect on Yields of Increased Through¬ 
put AT Constant Temperature 

Throughput, liters per hour 
per gram of cobalt 1.15 2.25 3.6 10.0 

Yield, grams per cubic meter 101 85 60 16.6 

at lower throughputs than given in Table 
VIII showed that the yield rose to a maxi¬ 
mum with increasing throughput before 
decreasing. 

The effect of increased throughput of 
synthesis gas with a ruthenium catalyst 
maintained at 230® C and under 100 atmos¬ 
pheres pressure is shown in Table IX. 
The yield of solid plus liquid hydrocarbons 
(third, fourth, and fifth' columns. Table 
IX) reaches a maximum at about liters 
of gas per hour per gram of rutheniiun. 

Bci. Papers Inst. Phys. Chem. Research {Tokyo), 
34, 83-98 (1937). 

143 Pichler, H., and Buffleb, H., Brennstotf- 
Chem., 21, 273-80 (1940). 
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TABLE IX 

Effkgt of Increased Throughput with Ruthenium Catalyst at 230® C 


Percent Conversion of 

Throi^hput, Yield, Grams of Liquid per Carbon Monoxide to 


per 6our 


Cubic 

Gram of 

Liter of Cata- 

Condensed Hydrocarbons 

per Gram of 

Contraction 

Meter 

Ruthenium 

lyst Space 

Percent of 

Percent of 

Ruthenium 

Percent 

of Gas 

per Hour 

per Hour 

CO Used 

CO Reacted 

1.8 

81 

136 

0.24 

108 

78 

87 

3.2 

79 

125 

0.40 

180 

72 

83 

4.3 

69 

98 

0.43 

194 

56 

74 

7.0 

62 

84 

0.59 

265 

48 

70 

9.1 

56 

79 

0.72 

324 

45 

.. 

10.7 

50 

65 

0.69 

310 

37 

68 

16.7 

36 

37 

0.60 

270 

21 

54 


The condensed hydrocarbons contained 65 
to 68 percent of solid paraffinic hydro¬ 
carbons. 

The temperature range over which the 
synthesis of hydrocarbons from hydrogen 
and carbon monoxide occurs is quite nar¬ 
row. Even for the most active catalysts 
the reaction is very slow below 175® C, and 
above 225® C the rate of production of 
liquid hydrocarbon falls off sharply, and 
methane formation predominates.^^^ The 
methane synthesis proceeds at a rapid rate 
at higher * temperatures, such as 300 to 
350® C. At such temperatures the main 
oxygenated compound formed is carbon di¬ 
oxide rather than water, which is the chief 
oxygen-containing product at low temper¬ 
atures. 

Data given by Aicher and his cowork¬ 
ers make it possible to calculate the 
temperature coefficient of the overall re¬ 
action on a nickel-manganese-aluminum 
catalyst at short contact times. For the 
temperature intervals 197 to 207® C and 
191 to 270® C the coefficients per 10® C 
are 1.40 and 1.67. These coefficients are 
sufficiently larger than that of a diffusion 

144 Tsuneoka, S., and Murata, Y., J. Soc. 
Chem. Ind., Japan, 87, Suppl. Binding, 711-6 
(1984), 40 , Suppl. Binding, 478-^4 (1987). 


process to suggest that the slow step is not 
the diffusion of reactants to, or of the prod¬ 
ucts from, the catalyst surface through a 
^^blanket^^ of high-boiling paraffin. Aicher 
and associates plotted the yield of oil 
per unit time per volume of catalyst 
against the ratio of the concentration of 
the reactants to that of the products and 
obtained an almost straight line. This 
indicates that the reaction rate is directly 
proportional to the partial pressure of the 
reactants and inversely proportional to the 
concentration of the products. It is prob¬ 
able, therefore, that the slow step in the 
reaction is the desorption of the products 
from the catalyst surface. 

Matsumura and his coworkersstudied 
the adsorptjon of hydrogen, carbon mon¬ 
oxide, carbon dioxide, and water on cobalt 
and iron catalysts which were active in the 
hydrocarbon synthesis. These adsorptions 
are of importance in any discussion of the 
reaction mechanism, and therefore the 
data concerning them are outlined briefly. 
The activated adsorption of hydrogen on 
the cobalt catalyst begins at 60® C and 
reaches a maximum at 160® C. On the iron 

146 Matsumura, S., Tarama, K., and Kodama, 
S., J. Boc. Chem. Ind., Japan, 48, Suppl. Bind¬ 
ing, 175-84 (1940). 
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catalyst the corresponding temperatures 
l^re 60 and 190® C. Carbon monoxide is 
chemisorbed by -the cobalt catalyst to form 
cobalt carbide at temperatures above 
60® C, whereas the minimum temperature 
for carbide formation on the iron catalyst 
is 190" C. The activated adsorption of 
water on the cobalt catalyst begins at 
30® C and reaches a maximum at 100® C, 
and at about 200° C (optimum tempera¬ 
ture for hydrocarbon synthesis) very little 
adsorption occurs. On the iron catalyst, 
activated adsorption of water begins at 
200° and increases slowly with increasing 
temperature. The activated adsorption of 
carbon dioxide on the cobalt catalyst be¬ 
gins at 100° C and reaches a maximum at 
150° C and then decreases slowly with 
rising temperature. On the iron catalyst 
there is evidence for activated adsorption 
of carbon dioxide to only a slight extent 
at 200 to 250° C. 

Craxford and Craxford and RideaV^® 
in a study of the kinetics of the hydrocar¬ 
bon synthesis, obtained results that may 
be summarized as follows; (1) At the tem- 
I)erature of the synthesis carbon monoxide 
reacts slowly with a cobalt catalyst to give 
cobalt carbide, according to the equation: 
2Co + 2CO = C 02 C + CO 2 ; but this reac¬ 
tion is always slower than the reduction of 
the carbide by hydrogen at the same tem¬ 
perature. (2) At this temperature the 
catalyst reacts with carbon monoxide and 
hydrogen to give carbide, that is, 2Co + 
GO -f Ho CooC -h HoO; and this reac¬ 
tion is faster than the reduction of the 
carbide by hydrogen uncler the synthesis 
conditions. (3) Reduction of cobalt car¬ 
bide may lead to methane or to higher 
hydrocarbons, according to the conditions, 
and the ex])eriments showed that, when 
normally liquid hydrocarbons are being 

146 Craxford, S. R., and Rideal, E. K., J. Chem. 
80 c., 1980. 1604-14. 


produced, the ortho-para-hydrogen conver¬ 
sion is inhibited, indicating that very little 
chemisorbed hydrogen occurs on the cata¬ 
lyst surface. (4) Whenever methane is the 
main product of the hydrocarbon synthesis, 
the ortho-para-hydrogen conversion occurs 
freely, showing that chemisorbed hydrogen 
is then present. (5) The water-gas shift 
reaction, i.e., CO + H 2 O = CO 2 + H 2 , runs 
parallel to the ortho-para-hydrogen con¬ 
version; it occurs when methane is being 
formed but is inhibited when normally 
liquid hydrocarbons are being produced. 
(6) The hydrogenation cracking of paraffin 
hydrocarbons on catalysts active for hydro¬ 
carbon synthesis is similarly inhibited 
when liquid hydrocarbons are being pro¬ 
duced and also by the presence of carbide 
on the catalyst surface, but otherwise it 
occurs freely at similar temperatures. (7) 
Craxford verified Smith and his cowork¬ 
ers' results concerning the effect of ethyl¬ 
ene on the synthesis, which gives an in¬ 
creased yield of liquid hydrocarbons and 
appreciable amounts of oxygenated organic 
compounds. 

Before discussing the probable mecha¬ 
nism of the reaction, mention should be 
made of the fact, disclosed by several ex¬ 
perimenters,^®* that during the first few 
hours after a freshly reduced catalyst is 
exposed to synthesis gas only methane and 
carbon dioxide are produced. Some of the 
more active cobalt catalysts will produce 
methane and water (instead of carbon diox¬ 
ide) during this initial period. It may be 
necessary to use the following procedure 
to start the synthesis. The temperature 
should be well over 150° C when synthesis 
gas is first admitted to replace hydrogen. 
The temperature should then be raised 
very slowly, a satisfactory procedure be¬ 
ing to hold the temperature constant for 
2 hours when the contraction reaches 20 
percent, then again constant for 2 hours 
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at 30 percent, 40 percent, and so on. In 
this way it has been possible to induce 
oil formation in a minimum of time on any 
sample of active catalyst. 

It is agreed by most investigators that 
the first step in the synthesis of hydrocar¬ 
bons from hydrogen and carbon monoxide 
bI,that proposed by Fischer and his co- 
workers,^* ® namely, the formation of metal 
carbides, as, for example: 3Co + CO = 
CogC + CoO* Craxford wrote the pri¬ 
mary reaction as 2Co -f- CO + H 2 = C 02 C 
+ H 2 O. Matsumura,^*® however, preferred 
to postulate the transient existence of the 
metal oxide. Subsequent reduction with 
hydrogen to form chemisorbed water would 
account for the elimination of the oxygen 
as water on cobalt catalysts. However, on 
iron catalysts the chemisorption of water 
at 200® C is much larger than for cobalt 
at the same temperature, and hence there 
is more opportunity for carbon monoxide 
to form carbon dioxide by reaction with 
the oxygenated areas on the catalyst sur¬ 
face; and this accounts for the fact that 
for iron catalysts the oxygen appears in 
the reaction products largely as carbon 
dioxide. 

The second step in the synthesis is the 
reduction of the carbide to a methylene 
group. Craxford^*® postulated that this 
reaction is with molecular hydrogen CooC 
4- H 2 = CH 2 + Co, because his work on 
the ortho-para-hydrogen conversion on hy¬ 
drocarbon synthesis catalysts showed that 
whenever atomic hydrogen was present 
only methane, and not higher hydrocar¬ 
bons, was produced. Matsumura 
pointed out that this coincidence does not 
necessarily mean that methylene cannot be 
formed by reaction of the carbide with 
atomic hydrogen produced by activated 
adsorption on the catalyst surface. Indeed, 
such participation of active hydrogen is 
very probable, as the temperature range 


for active higher-hydrocarbon synthesis, 
175 to 200® C, coincides with that for th% 
maximum amount of activated adsorption 
of hydrogen. The somewhat higher opti¬ 
mum temperature for iron as compared 
with cobalt catalysts was explained by 
Matsumura ^^® as being due to the higher 
temperature necessary for maximum chemi¬ 
sorption of carbon monoxide on iron. The 
ortho-para-hydrogen conversion does not 
proceed to any appreciable extent during 
active synthesis of higher hydrocarbons 
because most of the active catalyst surface 
is covered with methylene or polymethyl¬ 
ene groups. 

The extent of the polymerization of the 
methylene groups is determined by the 
rate of desorption of the (CH 2 )». There¬ 
fore, on the catalyst surface a “steady 
state” is set up which involves polymeriza¬ 
tion, reduction, and desorption of the 
methylene and poly methylene groups. If 
the extent of carbide formation is small, 
or if the rate of desorption of the methyl¬ 
ene group is rapid, the concentration of 
methylene groups on the catalyst surface 
is low, polymerization is therefore retarded, 
methane is the mam product, and there is 
an ample supply of active surface on which 
the ortho-para-hydrogen reaction may pro¬ 
ceed. The absence of higher-hydrocarbon 
formation during the initial period of oper¬ 
ation with an active catalyst is to be ex¬ 
plained by the time necessary for covering 
most of the catalyst surface with poly¬ 
methylene groups so as to slow up the 
reduction of methylene to methane. Pre¬ 
dominant methane formation at higher 
temperatures, above 250® C, is due to the 
very rapid desorption of methylene groups. 

When carbon monoxide is adsorbed in 
the outer adsorption layers and not in 
direct contact with the catalyst surface its 
reduction leads to compounds containing 
oxygen rather than hydrocarbons. These 
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are the conditions that exist when an ap¬ 
preciable concentration of ethylene is pro¬ 
vided in the synthesis gas, and when pres¬ 
sures of 100 to 200 atmospheres are em¬ 
ployed. 

Properties of Fischer-Tropsch Syn¬ 
thesis Products : Gasoline, Diesel 
Fuel, Paraffin Wax, Lubricating Oil, 
AND Fatty Acids 

The primary product of the Fischer- 
Tropsch synthesis, labeled ^^Kogasin” by 
Fischer, has been shown to contain 
largely straight-chain paraffinic and ole- 
finic hydrocarbons with only very minor 
amounts of aromatic hydrocarbons, naph¬ 
thenes, and oxygenated organic compounds. 

Table X contains data on the boiling 
ranges and olefin contents of various frac¬ 
tions of the primary product obtained in 
Fischer’s laboratory from a cobalt cata¬ 
lyst. Gasoline boiling to 200® C consti¬ 
tuted 60 percent of the total product. 
The gasoline fraction boiling to 150® C was 
collected by adsorption on active charcoal. 
Its density was 0.680 at 20® C, and, despite 
an olefin content of 45 percent, the octane 
rating was only about 55. Fischer 
claimed that this rating might be increased 
to 72 by the addition of 0.5 cubic centi¬ 
meter of tetraethyl lead per liter of gaso¬ 
line. The only refining necessary was a 
wash with alkali to remove traces of fatty 
acids. 

The data of Table X are in accord with 
the statement by Martin*® that the aver¬ 
age olefin content of the product obtained 
in the plants in operation up to August, 

147 Tsuneoka, S., and Fujimura, K., J. 8oc. 
Chnn Ind , Japan, 37, Suppl. Bindlii}?, 4B-51 
(1934). Tsuneoka, S., and Murota, Y., ihid., 38, 
Suppl, Binding, 212-7 (1935). Firsanova, E. N,, 
Khim Tverdogo Tophva, 8, 892-901 (1937). 
Fischer, F., Ber., 71A, 56-67 (1938). Dept. 8ci. 
Ind. Research (Brit.), Fuel Research Board, 
Rept. Jor the Year Ended March 19S8, pp. 196-7. 


TABLE X 

Composition of Kogasin 

Percent by 

Constituents Weight Olefin Content 


Gasol (Cj + C 4 > 

8 

volume percent 

55 

Gasoline to 150® C 

46 

45 

Gasoline 150 to 200® C 

14 

25 

Diesel oil 

22 

10 

Paraffin wax from oil (melt¬ 
ing point 50® O 

7 


Paraffin wax from catalyst 
(melting point 90® C) 

3 



1937, that used cobalt catalysts through¬ 
out was 29 percent, the majority of the 
olefins being in the fraction boiling below 
200® C. If the product boiling above 
200® C was cracked, by means of tech¬ 
niques well known to the petroleum indus¬ 
try, and the cracked gasoline was mixed 
with the primary Kogasin boiling to 
200® C, there was obtained, in about 80 per¬ 
cent yield, the finished gasoline with ap¬ 
proximately 195® C distillation end point, 
68 octane number, and 0.728 density at 
15® C. 

Snodgrass and Perrin have reported 
data obtained by the Ruhrchemie A.-G. in 
Germany on a two-stage operation, the 
first stage being at atmospheric pressure 
and the second at several atmospheres. 
These data are given in Tables XI and 
XII. Though very little paraffin wax was 
produced in the first stage, the second stage 
alone yielded twice as much of this product 
as was reported by Fischer.The second 
stage yielded 43 percent of oil boiling above 
300® C, whereas only 15 percent of the 
first-stage oil boiled above that tempera¬ 
ture. The olefin content of the second- 
stage gasoline from the charcoal scrubbers 
was lower than that of the first stage. The 
octane rating of the 30 to 140® C gasoline 
was 62; that of the 30 to 110® C was 67. 

148 Snodgrass, C. S., and Porrin, M., J. Inst. 
Petroleum Tech., 24, 289-301 (1938). 
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TABLE XI 

Properties of Products from Two-Stage 
Operation 

Percent by 
Weight of Total 
Olefins Product 

Boil- Specific . . 

ing Grav- First Second First Second 
Constituent Range ity Stage Stage Stage Stage 
"C volume percent 

Ga8ol(C8 + C4) . 50 25-30 5 2 

Gasoline to 150** C 30-150 0.66 35-40 20 26.5 8 

Oil over 150** C 100-300 0.74 12 12 26.5 11 

ParaflSnwax — 0.85 . 21 

TABLE XII 

Distillation of Kogasin from Two-Stage 
Operation 


Percent by Volume 


Temperature 

“C 

First Stage 

Second Stage 

30 

0.0 

0.0 

50 

8 

3 

100 

29 

14 

150 

47 

24 

200 

60 

35 

250 

75 

48 

300 

85 

57 


The operation of a vapor-phase cracking 
process for the higher-boiling oils was also 
described by Snodgrass and Perrin.^**® The 
octane rating of the products was 62 to 75. 

The desirability of operating the Fischer- 
Tropsch synthesis in two or more stages 
has been generally recognized. Production 
in the two-stage process is increased by 
about 20 iiercent over the single-stage op¬ 
eration, and the life of the catalyst is in¬ 
creased considerably.^-"*' The so-called 
Robinson-Bindley process not only was 
operated in several stages but has also been 
reported to have developed a sulfur-resist- 

149 Fischer, F., and Plchler, H., Brennstoff- 
Chem., 17, 24-29 (1936). Stiidien-und-Verwert- 
ungs G.m.b.H., Brit. Pat. 464,948 (1936). Syn¬ 
thetic Oils Ltd. and Myddleton, W. W., Brit. 
Pat. 491,778 (1938). 


ant catalyst that is active in the synthesis 
of monoolefins but only slightly active for 
hydrogenation.^®® The principal constitu¬ 
ent of the catalyst used was cobalt, to 
which a small amount of potassium carbon¬ 
ate was added. Blue water gas (H 2 : CO 
= 1) containing appreciable quantities of 
sulfur was the synthesis gas used with this 
catalyst. Myddleton ^ 2 ® stated that the 
fraction boiling up to 150® C of the pri¬ 
mary product of the Robinson-Bindley or 
Synthetic Oils procedure contained 70 per¬ 
cent of olefins and had an octane rating 
(motor) of 68, which could be raised to 
80 by adding 4 cubic centimeters of tetra¬ 
ethyllead per liter. 

Diesel oil can be isolated from Kogasin 
by simple distillation. The Diesel oil ob¬ 
tained has a boiling range of about 200 to 
360® C, a specific gravity (at 20® C) of 
0.769, a hydrogen content of 15.2 percent, 
a heat of combustion of 10,470 to 11,300 
calories per gram (18,900 to 20,300 Btu per 
pound), and a cetene value of over 100. 
This material, because of its high heat of 
combustion and high cetene number, is 
particularly suitable for mixing with and 
improving oils of lower ignitibility, such as 
tar oils and especially heavy petroleum 
oils. Generally, an addition of 30 to 40 
I)erccnt of Fischer-Tropsch Diesel oil suf¬ 
fices, The increased olefin production in 
the Synthetic Oils process, which results in 
a higher octane rating for the gasoline pro¬ 
duced, also causes the Diesel oil fraction to 
have a lower cetene number, but the qual¬ 
ity is still high; Myddleton^-® reported 81 
and 86 for the 200 to 300® C and 200 to 
290® C fractions, respectively. Hydrogen- 

160 Anon., Colliery Guardian, 150, 203 (1939) ; 
Chem. Trade J., 104, 200 (1939). Myddleton, 
W. W., Brit. Pat. 609,325 (1939). 

ir.i Uhde, F„ and Ptirrmann, T. W., Brit. Pat. 
482,783 (1938). Kolbel, H., Brennatoff-Chem., 
20, 362-6, 365—9 (1989). Anon., Nat. Petrutenm 
News, 31, No. 28R, 296 (1939). 
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ation, of course, will increase the cetene 
number.^^® 

Paraffin wax with melting points ranging 
from 50 to 100® C and with molecular 
weights up to 2,000 are produced by the 
hydrocarbon synthesis on cobalt, nickel, or 
iron catalysts.^^®' In a study of the 
behavior of ruthenium, osmium, platinum, 
iridium, and palladium as catalysts, Pich- 
leri38 showed that ruthenium is far more 
effective than iron, cobalt, or nickel in pro¬ 
ducing solid hydrocarbons. By a single 
pass of synthesis gas at 1 liter per gram of 
ruthenium per hour over the catalyst at 
195° C and 100 atmospheres pressures, 100 
grams of solid paraffin and 50 grams of oil 
were obtained per cubic meter of gas. A 
6 months’ test showed no appreciable 
change in catalyst activity. The solid 
paraffin was snow white in the crude state 
nnd melted to a clear liquid at 118 to 
119® C. By solvent extraction it was pos¬ 
sible to isolate from the crude paraffin 
hitherto unknown solid paraffin hydrocar¬ 
bons with melting points up to 132® C and 
molecular weights of 7,000 to 9,000. Addi¬ 
tional information on the properties of the 
solid products obtained by the use of a 
ruthenium catalyst has been presented by 
Pichler and Buffleb,^®® who separated the 
solid paraffins by extraction with various 
solvents. The physical properties of the 
fractions are shown in Table XIII; the 
highest melting point was in the range 132 
to 134“ C corresponding to an average mo¬ 
lecular weight of 23,000. 

For motor-fuel purposes it is essential in 
a Fischer-Tropsch plant to provide for the 
cracking of high-boiling products so as to 

152 Kocli, H., and Ibing, G., Brennatoff-Chem., 
16, 141-5 (1935). Graefe, E., J. Jnat. Petro¬ 
leum Tech., 23, 78A (1936). Studien-und-Ver- 
lings (J.m.b.H., Brit. Pats. 500,950, 517,002 
(19.39). 

15S Pichler, H., and Buffleb, H., Brennatoff- 
Chem., 21, 285-8 (1940). 


produce a large amount of higher-octane 
gasoline. Investigations in Fischer’s lab¬ 
oratory^®^ and by Egloff and his asso¬ 
ciates showed that yields of about 75 to 
80 percent by weight of a cracked gasoline 
may be obtained, which, when mixed with 
42 to 30 percent of the primary gasoline 
fraction of the synthesis product, had an 
octane rating of 63 to 70. Davies^®® has 
described a cracking plant designed by 
True Vapor Phase, Ltd., and erected along¬ 
side the Fischer-Tropsch plant at Ober- 
hausen-Holten in Germany. Snodgrass and 
Perrin^'*® presented some data that were 
obtained with primary Fischer-Tropsch 
product in a True Vapor Phase control 
unit. These results, which are reproduced 
in Table XIV, were stated to have been 
confirmed in commercial operation. In a 
patent’®® concerned with cracking Fischer- 
Tropsch primary synthesis product it was 
stated that, if this product was first acid- 
washed and treated with “bleaching earth,” 
the amounts of gas and coke produced were 
greatly reduced. 

The primary product of the Fischer- 
Tropsch synthesis does not contain any 
lubricating-oil fractions but it does con¬ 
tain large amounts of olefins, which can 
be readily polymerized to yield good lubri¬ 
cating oil. Several possible procedures for 
the production of lubricating oil from the 
hydrocarbon synthesis products have been 
tested, namely, (1) chlorination of the gas¬ 
oil fraction (boiling point > 200“ C) and 
mixing the jiroducts with aromatic hydro¬ 
carbons in the i)resence of aluminum chlo¬ 
ride; (2) chlorination of the gas-oil frac- 

154 Pichlrr, H., Brennatoff-Ohem., 16, 404-6 
(1935). Pptors, K., and Winzer, K., ibid., 17, 
301 6 (1936). Egloff, G., ibid., 18, 115-7 

(1937). Egloff, (}., Nelson, E. F., and Morrell, 
.1. C., Ind. Eng. Chem., 29, 665-9 (1937). 

1.55 Davies, V., Ind. Chemiat, 18, 442-6 (1987). 

156 I. G. FarbonIndustrie A.-G., Brit. Pat. 480,' 
442 (1988). 
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TABLE XIII 


Solvent Extraction op Solid Paraffin Obtained by Use of a Ruthenium Catalyst ai 
1,000 Atmospheres Pressure 




Extrac- 

Per- 






Frac- 


tion 

cent 


Densitv 

Average 

Viscosity 

tion 


Temper- 

Dis- 

Melting 

t - 

-- , 

Mol. 

, .-*-■-, 

No. 

Solvent 

ature 

solved 

Point 

20“ C 

150“ C 

Wt. 

150“C 180*C 









centistokes 

1 

n-Pentane 

34 

30-33 

51-57 





2 

n-Hexane 

68 

14-17 

92.5-95 


0.766 

760 

6 4 

3 

Kogasin fraction 

90 

14-16 

121-122.5 

0.966 

0.778 

1,750 

29 17 

4 

n-Heptane 

98 

20-25 

129.5-130.4 

0.978 

0.783 

6,750 

870 410 

5 

Kogasin fraction 

121 

12-15 

132-134 

0.980 

0.786 

23,000 

35,600 15,800 


tion and polymerization without addition 
of aromatic hydrocarbons; (3) direct cata¬ 
lytic polymerization of the olefins pro¬ 
duced in the synthesis; and (4) chlorina¬ 
tion of the paraffin wax, followed by elimi¬ 
nation of hydrochloric acid and polymeri¬ 
zation of the resulting olefins. Of these 
procedures, the third has received most at¬ 
tention,^®^ Pichler’s results showed that 

157 Fischer, P., Koch, II., and Wiedcklng, K., 
Brcnnstoff-Chvm., 1«, 229-3.S (1934). Koch, 11., 
and Ibiiig, G., ibid.. 1«, 185-90 (1935). Pichler, 
H., Z. Ver. deut. Ing., 70, 883-5 (1935), 80. 
49-51 (1930). I. G. Farbcnindustric A.-G., Pr. 
Pat. 802,208 (1936), Brit. Pat. 494,057 (1938). 
Stndien-und-Verwertnngs G.m.b.II., Brit. Pat. 
453,973 (1936). Koch, H., Brennatoff-Chem., 


oils prepared from the olefins in Kogasin 
by the action of anhydrous aluminum chlo¬ 
ride had flat viscosity-temperature curves 
(viscosity index 90 to 100); and for the 
same viscosity they had a higher mean 
molecular weight than paraffin-base min¬ 
eral lubricating oils. The viscosities of the 
fractions and residue obtained on distilla¬ 
tion of the oil w vacuo increased regu¬ 
larly with the molecular weight. The ole- 
finic bonds in the lubricating oils were 
readily hydrogenated, for example, by the 

18, 121-7 (1937). Ruhrcheinic A.-G., Pr. Pat. 
800,226 (1937) ; Brit. Pats. 470,534, 473,935 
(1937). 490,930 (1938), 603,206, 604,350 

(1939). 


TABLE XIV 


Properties of Gasoline Obtained by Cracking of Kogasin 
IN True Vapor Phase Operation 


Charge 


Reduced C'rude 
Specific Gravity 
0.769 


Cracked gasoline: 

Yield, weight percent 81 

Yield, volume percent 88 

Specific gravity 0.7079 

End point, ®C 200 

Octane No. (motor) 62 


Lead tetraethyl to raise octane number to 
80, cubic centimeters per Imperial gallon 


75.6 

81.8 

0.7906 

197 

68 

3.5 


65.2 

73 

0.6876 

168 

75 


1.3 


l^ntopped Crude 
Specific Gravity 
0.726 


70.6 65.2 

72 68.3 

0.7114 0.6920 

197 160 

67 73 

3.7 1.7 
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action of hydrogen at 180° C, and at 100 
atmospheres, in the presence of a nickel 
catalyst. 

The lubricating oils were as stable to¬ 
wards air and light as mineral lubricating 
oils; their stability was increased by hydro¬ 
genation. Subjected to the British Air 
Ministry oxidation test, the oils showed a 
greater increase in viscosity but a smaller 
increase in Conradson carbon than mineral 
lubricating oils. Similar results were ob¬ 
tained in tests on lubricating oils produced 
by polymerization of the 80 to 140° C 
Kogasin fraction made in the British Fuel 
Researdi Board Laboratory ^ and of the 
150 to 200 ° C fraction of the product ob¬ 
tained by Synthetic Oils, Ltd.^-® Aging by 
the Indiana oxidation test showed that, 
as compared with natural products, a sam¬ 
ple of the synthetic lubricating oil gave 
upon oxidation a large increase of viscosity 
that was associated with the formation of 
acidic and saponifiable substances, although 
the amounts of asphalt or coke formed were 
extremely small. According to Fischer,^^^ 
very thorough hydrogenation of the syn¬ 
thetic oils increased the chemical stability 
so that no attack by oxygen or concen¬ 
trated sulfuric acid could be detected, and 
no corrosion of motor metal parts was 
observable in a 6 months’ road test. 

According to the Ruhrchemie A.-G. pat¬ 
ents,it is advantageous, in the synthesis 
of lubricating oil from Kogasin, to use 
enough of the polymerizing agent (usually 
aluminum chloride) to effect complete re¬ 
action at a single temperature and to raise 
the temperature gradually during the proc¬ 
ess. The polymerizing agent may be used 
more than once. The properties of the 
lubricating oil obtained depend to a large 

158 Dept. Sci. Ind. Research (Brit.), Fuel Re¬ 
search Board, Repi. for Year Ended March, 19S8, 
p. 201. 

i59Kadmer, E. H., Chem.-Ztg., 62, 611-3 
(1938). 


extent on the boiling range and olefin con¬ 
tent of the Kogasin fraction used. Kbch’s 
results showed that the higher-boiling 
Kogasin fractions yielded lubricating oils 
of highest viscosity index. Unfortunately, 
the yield was small because of the low 
olefin content of the high-boiling Kogasin 
fractions. 

Koch^®® also found that the synthetic 
lubricating oil contained one or two double 
bonds per molecule, and solvent extraction 
with acetone showed that the degree of un¬ 
saturation was about the same for all the 
fractions thus obtained. Analysis of the 
oil by Waterman’s method showed the 
presence of about one naphthenic ring per 
molecule. Since this was true for all the 
fractions selectively extracted by acetone, 
pure isoparaffins were present in only 
small proportions. Kreulen ^®^ determined 
the chemical and physical constants of two 
completely hydrogenated lubricating oils 
obtained by polymerization of Kogasin 
fractions and subsequent hydrogenation. 
He found that about 50 percent of the car¬ 
bon atoms in the synthetic oils occurred in 
branched paraffin chains. This is in 
marked contrast to Koch’s results with 
the same type of oils before hydrogenation. 
The hydrogenated oils, upon analysis by 
the Waterman method, showed 1.2 to 1.8 
rings per molecule, but from parachor 
measurements the number of rings was 2.3 
to 4.0. 

Koch and Gilfert studied the proper¬ 
ties of oils produced by polymerization of 
Kogasin fractions produced from CO : H 2 
and from CO : 2 H 2 . Fractions from the 
CO : H 2 Kogasin corre.sponding to C 5 , Cg, 
and C 7 hydrocarbons and containing 70 to 

160 Koch, II, Brennstoff-Chem., 19, 337-43 
(1938). 

161 Kreulen, I). J. W., Ghem. Weekblad, 80, 
410-1 (1938). 

162 Koch, H., and Gilfert, W., Brennstoff- 
Chem., 20, 413-20 (1039), 21, 1-7 (1940). 
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75 percent of olefins gave about 65 percent 
(calculated on the olefin content) of lubri¬ 
cating oil of 1,110 to 1,550 centistokes vis¬ 
cosity at 20® C and viscosity pole height of 
1.88 to 2.33. The corresponding fractions 
from CO : 2 H 2 Kogasin contained 43 to 55 
percent olefins and yielded only 35 to 55 
percent of oils of viscosity 473 to 585 
centistokes at 20 ® C and viscosity pole 
heights of 2.23 to 3.10; this lubricating oil 
was obviously much inferior to that from 
the CO : H 2 Kogasin. The lower yields 
from the CO : 2 H 2 Kogasin were not due 
to the lower olefin content of the raw ma¬ 
terial but to a difference in constitution of 
the olefins. The C^ and C 7 fractions of 
the CO : H 2 Kogasin were refractionated 
into narrow cuts, from each of which a 
lubricating oil was synthesized. The vis¬ 
cosity of the oils from the Co fractions 
ranged from 2,277 (from 57.0 to 61.0® C 
fraction) to 476 (from 67.5 to 69.0® C frac¬ 
tion) centistokes at 20® C. The flattest 
viscosity-temperature curve (corresponding 
to a viscosity pole height of 1.77) was 
given by the oil from the 63.0 to 63.5® C 
fraction, which was principally hexene- 1 . 
The steepest curve, corresponding to a vis¬ 
cosity i)ole height of 2.53, was obtained 
from the 67.5 to 69.0® C fraction, which 
was principally hexene-2. The C 7 fractions 
showed similar but somewhat less marked 
differences. There was no apparent rela¬ 
tion between the absolute viscosities of the 
oils and the viscosity pole height. The 
mean molecular weight of the lubricating 
oils ranged from 550 to 1,240.* 

By reducing the temperature of poly¬ 
merization of a C 5 Kogasin fraction from 
20 to 0® C, Koch and Gilfert obtained 
a more viscous lubricating oil of the same 
viscosity index. All the lubricating oils 
produced had one olefinic bond. Satura¬ 
tion of this bond with hydrogen resulted 
in a small increase in viscosity but no 


change in viscosity index. Exaihination by 
Waterman's method indicated the pres¬ 
ence of one naphthenic ring per molecule. 

Imperial Chemical Industries, Ltd., has 
several patents covering the synthesis of 
lubricating oil from Kogasin by chlorina¬ 
tion of the high-boiling fraction and of 
paraffin wax followed by condensation with 
aromatic hydrocarbons using aluminum 
chloride as catalyst.^®® The I. G. Farben- 
industrie A.-G. has patented a process for 
lubricating-oil production, in which a Koga¬ 
sin fraction boiling between 170 and 
250® C is subjected to high-frequency silent 
electric discharge at, for example, 7,000 
volts and 1,000 cycles for 20 hours at a 
pressure of 2 to 5 millimeters of mercury 

The fatty acids formed in small quanti¬ 
ties during the synthesis of Kogasin amount 
to about 0.35 percent by weight, referred 
to the main liquid hydrocarbon product. 
By fractionation, formic, acetic, propionic, 
and butyric acids were detected.^®® Two- 
thirds of the mixed water-soluble fatty 
acids consisted of acetic acid. No unsafu- 
rated acids were found. The fatty acids 
dissolved in the Kogasin amounted to about 
0.06 percent and consisted of acids of 5 
to 10 carbon atoms per molecule, but acids 
of still larger molecular weight were de¬ 
tected in smaller quantities. 

Since 1936 there has been a rapid devel¬ 
opment, particularly in Germany, of the 
art of production of fatty acids by the 
oxidation of the paraffin wax produced in 
the Fischer-Tropsch synthesis.^®® In 1938 

103 Lowes, A. P., White, E. W., and Imperial 
Clit‘inical Industries, Ltd., Brit. Pats. 483,316, 
485,105 (1938). Lowes, A. P., and Imperial 
Chemical Industries, Ltd., Brit. Pat. 493,715 
(1938). 

164 I. G. Farbenlndustrie A.-G,, Brit. Pat. 485,- 
478 (1938). 

165 Koch, H., Piehler, H., and Kolbel, H., 
Brennatoff-Ohem., 16, 382-7 (1935). 

166 imhausen, A., Fette u. Seifen, 44, 411-5 
(1937) ; Kolloid-Z., 85, 234-46 (1088). Henk, 
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two plants each of 20,000 tons per year 
were reported.*®^ Paraffins can be oxi¬ 
dized by air. The reaction is strongly exo¬ 
thermic, but, when carefully controlled, 
mainly monocarboxylic acids are produced 
along with minor amounts of alcohols. 
The addition of partly oxidized paraffins 
to the raw material accelerates the reac¬ 
tion. Paraffins with over 34 carbons are 
most suitable for the process. Operating 
conditions are 140 to 160® C, 1 cubic meter 
of air per kilogram of wax, and the pres¬ 
ence of catalysts such as manganese 
and other metal salts of fatty acids. 
The crude saponification product is puri¬ 
fied by treatment with steam and by 
solvent extraction.^'® 

Jantzen and his coworkers studied the 
composition of the fatty acids obtained 
from the oxidation of Fischer-Tropsch 
jjaraffin wax containing 27.4 percent of 
31 percent of C 19 -C 22 , 23.7 per¬ 
il. .1., fieifcnsiedcr-Ztg., 64. 1001-2 (1937). 

Wietzpl, G., Angew. Chem., 51, r».Sl-7 (19.38) ; 
Chem. Age, 30, 278-80 (1938) ; Klepzig's Tex- 
iil-Z., 41, 528-9 (1938); Filte u. SHftn, 46, 
21 r» (1939). Moyer, W., ^^cifvuaiaUr-Ztg., 65, 
21.^)-7, 238-9, 25G-7, 277-8, 297-9, 317 9, 338- 
40 (1938) ; SUddeut. Apoih.-Ztg., 78, 47-9 

(1938). Sclusinsky, A., Rvndschau deut. Tech., 
IS, 9 (1938). BauBchiuBor, C., Fette u. Seifen, 
45, 629 (1938). Henblum, R., Kiv. Hal. eaaenze 
profumi v piante offic., 20, 230 7, 304 5 (1938). 
Schrniith, W., Chvm.-Ztg., 6.% 274 8 (1939), Lo- 
niaire, E, G^nic civil, 115, 413-7 (1939). 

Wolff, B., Przemysl Chem., 2.3, 51 -4 (1939). 

i«7 Anon., Frennaloff Chem, 19, W8 (1938); 
hid. Fug. Chem., News Ed., 16, 193 4 (1938). 
Wittku, F., tieifenaieder-Ztg , 66, 666-8 (19.39). 
Fonlon, A., Mfg. Perfumer, 4, 150-1 (1939). 

UiS Dept, Sci. Ind. Research {Bril.), Fuel Re¬ 
search Board, Rept. for the Year Ended March 
1938, pp. 206-6. I. G. Fnrbenindiistric A, G., 
Brit. Pat. 490,785 (1938). 

ioo I, G. Farbenindustrie A.-G., Brit. Pats. 
482,277, 487,317 (1938). Faronholtz, W. A., 
Ilnbbe, G., and Hubbe, H., Brit. Pat. 506,104 
(1939). 

170 Henkel & Co. O.m.b.H., Brit. Pat. 489,443 
(1938). Farenholtz, W. A., Hubbe, G., and 
Ilnbbe. H., Brit. Pat. 607,521 (1939). 

iTi.TontKen, E., llbeinheimer, W., and Asebe, 
W., Fette u. Seifen, 45, 388-93, 613-5 (1938). 


cent of C 22 ~^ 25 > 1L7 percent of C 25 “G 27 i 
and 1.7 percent C 28 hydrocarbons. The 
oxidation product consisted almost entirely 
of saturated, normal, fatty acids of both 
the odd and even series, among which the 
acids from to Cjg were separated and 
identified by fractionation of the methyl 
esters. Acids with less than 8 and more 
than 18 carbon atoms per molecule formed 

7.4 and 18 percent, respectively, of the 
total product. The balance consisted of 
approximately equimolecular proportions 
of Cf, to Ci 5 acids. Small amounts of 
unsaturaled and of hydroxy acids were 
present. 

The oxidation of Fischer-Tropsch olefins 
containing more than 6 carbon atoms using 
hydrogen peroxide yields soap-foniiing car¬ 
boxylic acids. 

Economics of Coal and Carbon Mon¬ 
oxide Hydrogenation 

Schultes,’^® in a very informative paper 
on the production of water gas and of syn¬ 
thesis gas, lias presented comparative cost 
data on various processes for the produc¬ 
tion of synthesis gfis ( 2 H 2 + CO). The 
cheajiest process was reported to consist of 
complete gasification of bituminous coal in 
a Bubiag-Didier generator, the cost per 
cubic meter being 0.0107 Reichsmark 
(RM), and the cost of synthesis gas neces¬ 
sary to produce 100 kilograms of oil being 

10.4 RM. At 40 cents per RM, these fig¬ 
ures are 12 cents jier* 1,000 cubic feet of 
synthesis gas and $87.70 per ton (2,000 
pounds) of oil. Schultes derived his costs 
on the basis of 11.25 RM ($4.50) per ton 
of slack coal, 0.02 RM (0.8 cent) per kilo¬ 
watt-hour, 0.06 RM (2.4 cents) per cubic 
meter of cooling water, and 3 percent and 

12.5 percent of total capital costs for main- 

172 Doutsche Hydrierwerke A.-G., Brit. Pal. 
492,595 (1938). 

173 Sfhultes, W., GlUokauf, 72, 273-85 (1930). 
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tenance and'amortization plus interest, re¬ 
spectively. Steam costs were not given and 
apparently were overlooked; at 40 cents 
per 1,000 pounds of steam the costs should 
be increased by about 10 percent to pro¬ 
vide the necessary amount of steam. 
Schultes’ costs also included 6 percent of 
the capital investment for a combination of 
miscellaneous charges including sulfur re¬ 
moval. The capital investment for a plant 
producing 665,000 cubic meters (23,500,000 
cubic feet) of gas per day (amount of gas 
necessary to produce 25,000 metric tons 
per year of oil) was estimated to be 5,365,- 
000 RM, or $2,146,000. The gas produced 
was assumed to contain about 14 percent 
of carbon dioxide. 

The cost of producing water gas from 
coke by means of the standard air and 
steam blasts was given by Schultes as 
about 0.019 RM per cubic meter; coke was 
charged at 21.5 RM per metric ton. This 
cost per cubic meter of gas was about 90 
percent higher than that given for the 
Didier generator; the chief item responsible 
for the increase was the higher cost of coke 
as compared with coal. However, the cost 
of enough water gas from coke to produce 
100 kilograms of oil was 16.5 RM, or only 
about 60 percent more than that for gas 
from the Didier process, owing to the 
higher yield of synthesis gas from the water 
gas produced from coke. 

Laupichler has presented some cost 
data on the production of hydrogen by the 
catalytic water-gas shift reaction, CO + 
II^O CO 2 + H 2 . He indicated a cost of 
about 15 RM per 1,000 cubic meters (17 
cents per 1,000 cubic feet) of ammonia 
synthesis gas produced by the water-gas 
shift reaction, beginning with a mixture of 
water gas and producer gas containing 39 
percent carbon monoxide, 33 percent hy- 

1 T4 Laupichler, F. G., Oas World, 105, 71-4 
(1036) : Ghem. d Met. Eng., 43, 122-6 (1036). 


drogen, 7 percent carbon dioxide, and 21 
percent nitrogen. If the producer gas were 
omitted, so as to produce hydrogen instead 
of ammonia synthesis gas, the production 
cost should be about 10 jiercent greater. 
Laupichler’s costs were based on 0.025 RM 
(1.0 cent) per kilowatt-hour for powder and 
3.5 RM per 1,000 kilograms (64 cents per 
1,000 pounds) for steam. Laupichler’s 
total cost for removal of carbon dioxide 
from the shifted gas was 9 RM per 1,000 
cubic meters, whereas that given by 
Schultes was only 2 RM per 1,000 cubic 
meters. Part of this discrepancy appar¬ 
ently is due to the larger amount of car¬ 
bon dioxide per 1,000 cubic meters to be 
removed in Laupichler’s procedure. Laii- 
pichler’s cost of about 20 cents per 1,000 
cubic feet for making hydrogen from water 
gas indicates that the total cost of hydro¬ 
gen when the Didier generator is used for 
water-gas production should be about 35 
cents per 1,000 cubic feet. 

The reports of the British Falmouth 
Subcommittee on Imperial Defence and 
of the British Labour Party’s Hall Com¬ 
mittee^^® on the economics of synthetic 
fuels present the most reliable information 
on total costs of production. The follow¬ 
ing statements are abstracts of the Fal¬ 
mouth and the Hall reports prepared by 

Egloff.”7 

The Billingham plant was originally in¬ 
tended to deal with coal only and to have 
a rated output capacity of 100,000 tons 
(30,000,000 Imperial gallons or 36,000,000 
United States gallons) of motor spirit. It 
was subsequently decided to include pro- 

176 Falmouth, Viscount (Chairman)^ Eept. of 
the Committee of Imperial Defence, Subcommit¬ 
tee on Oil from Goal, II.M.S. Office, London, 
1938, 71 pp. 

176 Hall, G. H. (Chairman, Committee of 
Labour Party), Ijabour'n Plan of Oil from Goal, 
Labour Publications Dept, London, 1938, 79 pp. 

177 Egloff, G., Ind. Eng. Ohem., 30, 1091-104 
(1938). 
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vision for the treatment of coal tars to the The capital cost of such a plant (to 


extent of 60,000 tons of petrol per annum, 
thus making the capacity 150,000 tons 
(45,000,000 Imperial gallons or 54,000,000 
United States gallons) of petrol per an¬ 
num. 

The quantity of coal it was then ex¬ 
pected would be required for the plant 
when in full operation was stated to be 
as follows: 

Coal hydrogenation: Tons 

For processing * 150,000-200,000 

For all other purposes 
(steam, power, hydrogen 
production, etc.) 300,000-350,000 

500,000 

Tar-oil hydrogenation f for 
steam, power, hydrogen 
production, etc. 100,000 

Total 600,000 

* The exact quantity depends, among other 
things, on the ash and moisture content of the 
eoai. 

t In addition, about 60,000 tons of tar oils 
is required. 

This gives for the coal hydrogenation 1 ton 
of petrol for each 1.5 to 2 tons processed 
or for each 5 tons of total coal used. 

The spirit produced by the plant was of 
a high grade,’ and during the last few 
mouths (ill 1938) an octane rating of 75 
was achieved. This is a high standard for 
a straight or undoped petrol. 

If a new hydrogenation plant were to 
be built it would have to be designed to 
use coal only, as supplies of creosote or 
low-temperature tar sufficient to provide 
for another mixed-coal and tar plant were 
not available. The plant would have a 
capacity of 150,0(X) tons of petrol, as Im¬ 
perial Chemical Industries, Ltd., regarded 
this size as the minimum from an economic 
point of view. 


include land, offices, site development and 
design charges, research charges essential 
for this new plant, working capital, interest 
during construction, and fees payable to 
the International Hydrogenation Patents, 
Ltd.) was estimated by Imperial Chemical 
Industries, Ltd., at £8,(XX),(XX) ($40,(X)0,- 
000 ), made up approximately as follows: 

Pounds Dollars 

Capital cost (plant, materials, 
etc.): 

General services and workshops 1,035,000 5,175,000 

Boilers and power plant 1,570,000 7,850,000 

Gas-making, purification, and 

compression 1,762,000 8,810,000 

Hydrogenation plant and re¬ 
finery 2,880,000 14,400,000 

7,247,000 30,235,000 

Sundry charges (research duiing 
construction, working capi¬ 
tal, International Hydrogen¬ 
ation Patents fee) 750,000 3,750,000 

Total 7,997,000 39,985,000 

The estimated results of operations on a 
new plant using these assumed costs are 
given at the top of the next page in two 
groups: the first deals with a calculation 
for depreciation of the plant on the basis 
of 20-year life with no provision for obso¬ 
lescence; the second group is based on a 
charge for depreciation and obsolescence 
combined sufficient to write off the plant 
within 10 years. 

On the basis of a new plant to hydrogen¬ 
ate coal, costing $40,000,000 for the pro¬ 
duction of 150,000 tons a year of motor 
fuel, the production cost per United States 
gallon would be about 15.6 cents on the 
basis of a plant life of 20 years, no obso¬ 
lescence charges included. On the basis of 
writing off the plant in 10 years, including 
depreciation and obsolescence, the cost per 
gallon of motor fuel would be 19 cents. 

The British Labour Party, working in¬ 
dependently of the Imperial Defence com- 
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20-Year Life 


10 -Year Life 


Assumed average realization price at works (assuming 
existing rate of preference of 8 pence [16 centsl 

Imperial 

Gallons 

pence 

United 

States 

Gallons 

cents 

Imperial 

Gallons 

pence 

United 

States 

Gallons 

cents 

per gallon) 

Deduct: 

12.00 

20 

12.00 

20 

Works cost (including works overhead) 

Works profit before providing for depreciation and 

7.20 

12 

7.20 

12 

obsolescence 

4.8 

8 

4.8 

8 

Provision for depreciation at 5 percent 

Provision for depreciation and obsolescence at 

2.13 

3.63 



10 percent 



4.27 

7.1 

Profit after charging depreciation 

2.67 

4.45 



Profit after charging depreciation and obsolescence 



0.53 

0.967 


mittee, came to the conclusion that gaso¬ 
line from hydrogenation of coal *‘at the 
present time” would cost about 11 pence 
(22 cents) per imperial gallon, or 18 cents 
per United States gallon. The following 
is taken from the British Labour Party’s 
report: 

On the basis of their experimental work, 
Imperial Chemical Industries, Ltd., was 
led to believe that petrol could be pro¬ 
duced by hydrogenation at a cost of 7 to 9 
pence (14 to 18 cents an Imperial gallon 
or 11.67 to 15 cents per United States gal¬ 
lon), of which about 2 pence (4 cents) 
would be due to the cost of coal. The 
figure realized in practice has not been dis¬ 
closed, but there was some reason to think 
that with a reasonable allowance for inter¬ 
est on capital and amortization the i)rice 
stood in the neighborhood of 11 pence (22 
cents) an Imperial gallon. The I. G. Far- 
benindustrie has been similarly leticent, 
but it has been learned from an authorita¬ 
tive source that their cost of producing 
petrol (from brown coal) has been 25 
pfennigs a kilogram, which is about 11 


pence (22 cents) an Imperial gallon (18.3 
cents per United States gallon) at par. 

The chairman of Imperial Chemical In¬ 
dustries, Ltd., Lord McGowan, had twice 
referred to the high cost of producing 
petrol at Billingham. In his speech at the 
company’s annual meeting on April 21), 
1937, he said: 

For general commercial reasons it is not the 
practice of the company to disclos(' the finan¬ 
cial results of any particular activity. All 
that I can say, therefore, in regard to Uk' 
hydrogenation plant is that up to date it has 
not shown results which would justify its 
description as a good commercial proposition, 
even with the advantages of the existing cus¬ 
toms duty, and without that protection, of 
course, the; enterprise would he uneconomic. 

In the House of Lords on July 14, 1937, 
he said: 

Although the process is today in successful 
operation, it does not, even with the protec¬ 
tion afforded by the British Hydrocarbon 
Oils Production Act, present a favorable op¬ 
portunity for the investment of large sums 
of private capital. • • • Success from a com¬ 
mercial point of view in the synthetic pro¬ 
duction of petrol depends largely, as far as 
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the future is concerned, upon the policy of 
the government of the day. 

Although the company has not disclosed 
its accounts, it is not difficult to form a 
rough idea of the principal items in the 
operating costs of a hydrogenation plant 
similar to that at Billingham. The men 
employed in the plant are largely skilled 
workers, and their wages will average 
about £3 15s ($19) a week. On this basis, 
the wages bill for 2,000 men will be £390,- 
000 ($1,950,000) a year; spread over an 
annual production of 45,000,000 Imperial 
gallons (54,000,000 United States gallons) 
of motor spirit, this amount is equivalent 
to 2.1 pence (4.2 cents) an Imperial gallon 
(3.5 cents per United States gallon). The 
cost of the raw materials—600,000 tons of 
coal, 50,000 tons of creosote, and 12,000 
tons of low-temperature tar—can hardly 
be put, at current market values, at less 
than £500,000 ($2,500,000), equivalent to 
2.7 pence (5.4 cents) an Imperial gallon 
(4.5 cents per United States gallon). 

Imperial Chemical Industries, Ltd., con¬ 
structed the Billingham plant out of its 
reserve funds, but in a calculation of the 
operating costs of the hydrogenation proc¬ 
ess it is necessary to allow interest on the 
capital expenditure. With a rate of 3.5 
I)crcent, at which the money could be 
raised with a government guarantee, the 
interest on £5,500,000 ($27,500,000) would 
amount to £192,500 ($962,500) a year, or 
1.0 i)ence (2 cents) an Imperial gallon 
(1.67 cents per United States gallon). 

It is difficult to know at what figure 
amortization of the plant should be reck¬ 
oned. Imperial Chemical Industries sug¬ 
gests amortization in 10 years with com¬ 
pound interest at 21^ percent on the re¬ 
serves provided. German authorities have 
taken the view that 10 years is an unneces¬ 
sarily short period, and amortization in 15 


years with compound interest at 2% per¬ 
cent on reserves seems reasonable; on a 
capital of £5,500,000 ($27,600,000) this 
would absorb about £300,000 ($1,500,000) 
a year, or 1.6 pence (3.2 cents) an Imperial 
gallon (2.6T cents per United States gal¬ 
lon). 

The total of these costs—^wages, raw ma¬ 
terials, interest on capital, and amortiza¬ 
tion—is £1,382,500 ($6,912,500) a year or 

7.4 pence (14.8 cents) an Imperial gallon 
(12.3 cents per United States gallon). 

These estimates may be checked by the 
reports, made by Sir David Rivett person¬ 
ally and by a committee of which he was 
chairman, to the Australian Government. 
Sir David Rivett’s estimates were based on 
figures supplied to him by Imperial Chemi¬ 
cal Industries and by German firms. His 
final calculations were made in terms of 
Australian currency, costs, and wages, but 
by using his own multipliers as dividers it 
is possible to reverse the procedure and 
reach the European figures on which he 
ultimately relies, figures that have not 
otherwise been made generally available. 
By this means it may be calculated that 
the cost of a hydrogenation plant to pro¬ 
duce 150,000 tons of petrol annually from 
coal (not, as at Billingham, from coal and 
other materials) is £7,500,000 ($37,500,- 
000 ). If amortization takes place in 15 
years and interest on capital is charged at 

3.5 percent, the cost of petrol works out at 

10.5 pence (21 cents) an Imperial gallon 
(17.5 cents per United States gallon); if 
amortization takes place in 10 years and 
interest on capital is charged at 6 percent, 
the cost of petrol will be 12.75 pence (25.5 
cents) an Imperial gallon (21.25 cents per 
United States gallon). 

With a reasonable allowance for amorti¬ 
zation and interest on capital it seems fair, 
therefore, to say that petrol can be pro¬ 
duced by hydrogenation (directly from 
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coal) for about 11 pence (22 cents) an 
Imperial gallon (18.3 cents per United 
States gallon). 

The Imperial Defence Committee studied 
the Fischer-Tropsch process for the hydro¬ 
genation of carbon monoxide. Statements 
were furnished to the committee setting out 
particulars relating to the recommended 
size of plant, estimates of the capital and 
operating cost, the type and yield of prod¬ 
ucts it was claimed could be produced, and 
estimated realization value of the products, 
etc. The following are examples of the 
sizes of plants and estimates of capital cost 
submitted to the committee: 

Eogasin-Oil Yearly Plant-Capacity 
Costs 

20 ,000-ton plant (including 

coke ovens) £1,000,000 ($5,000,000) 

to 

£1,500,000 ($7,500,000) 

35,000'ton plant: 

Including coke ovens £1,901,000 ($9,505,000) 

Direct gasification of coal in 

water-gas plant £1,717,000 ($8,585,000) 

60,000-ton plant (including 
coke ovens and distillation 

plant) £3,100,000 ($15,500,000) 

The estimates of cost were prepared at 
different dates, based on information sup¬ 
plied by Ruhrchemie A.-G. 

Until more information is available as 
to the most suitable methods of treating 
both the primary and secondary products 
that will give the best economic rpturn in 
this country, it is obviously impqgjsible to 
obtain any reliable data as to costs of pro¬ 
duction. One witness gave estimated fig¬ 
ures of the average costs of production of 
marketable products from a 35,000-ton-per- 
annum plant which ranged from 12.75 to 15 
pence an Imperial gallon (21.25 to 25 cents 
per United States gallon), according to the 
period allowed for amortization of the 
capital. The average realization price 
taken was 13 pence (21.7 cents per United 


States gallon). Another informant stated 
that, on the basis of the best yields of 
products that he could then accept, the 
overall cost of the primary product would 
not have to exceed 10.5 pence (17.5 cents) 
and finished products an average of 12.75 
pence per Imperial gallon (21.25 cents per 
United States gallon) if proceeds were to 
equal costs. He had not enough data to 
say whether such results were practicable. 
Generally, the evidence appears to indi¬ 
cate that the costs of production by the 
F^ischer-Tropsch process are not likely to 
be less than those by a process for direct 
hydrogenation of coal. 

The following is reported from the Brit¬ 
ish Labour Party’s report: The synthetic 
process, unlike direct hydrogenation of 
coal, can be operated in relatively small 
units. The economic unit was said to be 
a plant producing about 35,000 tons of 
primary products annually, or, if it in¬ 
cluded its own catalyst plant, about 60,000 
tons of primary products annually. The 
committee were given estimates for syn¬ 
thetic plants of two typos: Plant A was a 
self-contained plant, with its own coke 
ovens, designed to ])roduce annually 35,000 
tons (11,077,500 gallons) of primary prod¬ 
ucts from bituminous coal. If the Diesel 
oil fraction were “cracked,” it would yield 
28,350 tons of motor spirit annually ex¬ 
clusive of subsidiary products. Plant B 
was a plant without coke ovens designed 
to operate in conjunction with a coal-distil¬ 
lation unit and to produce from the low- 
temperature coke 10,000 tons of synthetic 
products annually. It was difficult to as¬ 
sess the cost of a British plant from Ger¬ 
man experience, especially in view of recent 
wide fluctuations in the price of steel, and 
all estimates had to be accepted with 
caution. Plant A, it was stated, would 
cost about £1,900,000 ($9,500,000) to build, 
which, spread over the 35,000 tons of syn- 
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thetic products made annually, gave £54 
($270) per ton of annual production. (It 
is not possible to state so confidently the 
cost of a plant designed to make water 
gas directly from black coal, as such a 
])Iant has not yet been operated on a com¬ 
mercial scale, but it would probably be 
about £200,000 [$1,000,000] cheaper.) 

Plant B, it was stated, would cost 4,500,000 
RM in Germany, which is equivalent to 
£225,000 ($1,125,000) at par^this is £22.5 
($125.50) per ton of annual production. 
When allowance was made for the omission 
of coke ovens, this was in substantial 
agreement with the estimate for Plant A. 
To make a fair comparison, a portion of 
the capital costs of the accompanying coal- 
distillation plant should be added to the 
capital costs of Plant B. Estimates of the 
overall cost of finished petrol depend 
greatly on interest charges and the time 
allowed for amortization. With coal sup¬ 
plied to the coke ovens at ISs 6d ($4.62) 
per ton and amortization in 15 years, in¬ 
terest at 3 percent and depreciation on 
three-quarters of the capital would amount 
to not less than 21 percent of the cost of 
production. 

For a plant similar to Plant A, Sir Da¬ 
vid Rivett made two estimates for the 
Australian Government of the cost of fin¬ 
ished petrol. With amortization in 10 
years, compound interest at 2.5 percent on 
accumulated reserves, and a return of 3.5 
percent on capital, he estimated the cost at 
15.8 pence (31.6 cents) an Imperial gallon; 
with amortization in 15 years, compound 
interest at 3 percent on accumulated re¬ 
serves, and a return of 3.5 percent on capi¬ 
tal, he estimated the cost at 13.0 pence (26 
cents) an Imperial gallon (21.67 cents per 


United States gallon). These figures are 
in terms of Australian currency and con¬ 
ditions. The comparable British figures 
would be about 12.1 pence (24.2 cents) an 
Imperial gallon (20.17 cents per United 
States gallon) and 10.0 pence (20 cents) 
an Imperial gallon (16.7 cents per United 
States gallon). These are about the same 
as the estimated costs of direct hydrogena¬ 
tion of coal. 

For Plant B, the overall cost of the fin¬ 
ished motor spirit was given as 20.21 pfen¬ 
nigs a kilogram, which works out at about 
8 pence (16 cents) an Imperial gallon (13.3 
cents per United States gallon) at par. 
The lower estimate for Plant B, compared 
with Plant A, results from the lower capi¬ 
tal cost, which in turn is due to the ab¬ 
sence of coke ovens; and for this, as al¬ 
ready explained, some allowance should be 
made. When such allowance is made, the 
estimates are in substantial agreement. 

The cost of gasoline production using 
natural gas at 3 to 5 ^ents per 1,000 cubic 
feet as raw material for a radically re¬ 
designed Fischer-Tropsch process was re¬ 
ported by RusselD^® to be close to the 
present cost of production of gasoline from 
petroleum. It is probable, however, that, 
when coal is the raw material, the cost will 
be considerably greater, but the use of 
cheap subbitummous coals or lignites and 
modern continuously operating gas genera¬ 
tors may materially reduce the cost below 
that given by the British Committee Re- 
ports.^^®'^^® 

178 Russell, R. P., Synthetic Liquid Fuels — 
Hearings before a Subcommittee of the Commit¬ 
tee on Public Hands and Surveys, United States 
Senate, Seventy-Eighth Congress, First Session, 
on S124a, August 3, 4, 6, 9, and 11, 1943. 
Government Printing Office, Washington, D. C., 
1943, p. 39. 
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METHANOL SYNTHESIS FROM WATER GAS * 


L. L. Hirst 

Senior Chemist, Physical Chemistry and Hydrogenation Section, Central Experiment Station, 
Bureau 0 / Mines, Pittsburgh, Pennsylvania 


Synthetic methyl alcohol or methanol 
produced by catalytic hydrogenation of 
parbon monoxide first appeared on the 
American market in 1923.^ Domestic pro¬ 
duction began a few years later, and by 
1933 the yearly production of methanol 
had reached almost 9,000,000 gallons and 
was valued at $1,680,000.2 In 1940, meth¬ 
anol production reached a new high of 
about 45,000,000 gallons.® 

Ipatieff is said to iiave been the first to 
prove that alumina could catalytically de¬ 
hydrate alcohols to the corresponding ole¬ 
fins.^ He also studied oxides of zinc, iron, 
and chromium and classified them as dehy¬ 
drogenation catalysts.® 

This work was followed by that of Saba¬ 
tier and coworkers, who were able to ar¬ 
range individual oxides in a series accord¬ 
ing to their ability to catalyze dehydration 
and dehydrogenation.® In 1905, they sug- 

* Published by permission of the Director, 
Bureau of Mines, United States Department of 
the Interior. 

1 Larson, A. T., Trans. Electrochem. 80c., 71, 
346-51 (1937). 

2 U. S. Bureau Census, Statistical Abstract 0 / 
United States, 19S9, p. 816. 

sChem. d Met. Eng., 48. No. 2. 102 (1941). 

4 Ipatieff, V. N., J. Russ. Phys. Chem. .Soc., 
88 , 143-9, 632-43 (1901), 84, 182-95 (1902). 

6 Ipatieff, V. N., Ber., 34, 596-600 (1901), 
85, 1047-64 (1902), 86, 1990-2003 (1903). 

e Sabatier, P., and Senderens, J. B., Ann. 
ohim. phys., (8), 4 , 819-432 (1905). 


gested that methanol might be synthesized 
directly from carbon monoxide and hydro¬ 
gen although they were never able to pro¬ 
duce it in measurable quantities."^ 

In 1913, a basic patent, which broadly 
covered the process of synthesizing organic 
compounds from carbon monoxide and hy¬ 
drogen,® was issued to the Badische Anilin 
und Soda Fabrik. This patent mentioned 
zinc and chromium oxides as constituents 
of catalysts used in the process. The first 
actual production® of methanol from hy¬ 
drogen and carbon monoxide was disclosed 
in 1921 by Patart, Inspector General of 
the French Bureau of Explosives.^® lie 
was familiar with the Haber process for 
making ammonia from hydrogen and ni¬ 
trogen and reasoned that at high pressures 
the equilibrium between hydrogen, carbon 
monoxide, and methanol would be dis- 
I)laced in the direction of methanol since 
there was a large reduction in volume dur¬ 
ing the reaction. Patart disclosed as cata¬ 
lytic agents all metals and their oxides and 
salts which are known to favor hydrogena¬ 
tions or oxidations. He fixed the tempera- 

T Larson, A. T., Trans. Electrochem. 80 c., 71, 
346-51 (1937). 

8 Badische Anilin und Soda Fabrik, German 
Pat. 293,787 (1913). 

9 Lormand, C., Ind. Eng. Chem., 17, 430-2 
(1925). 

10 Patart, G., Fr. Pat. 540,343 (1921). 
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ture range as 300 to 600“ C and the pres¬ 
sure range as between 150 and 200 atmos¬ 
pheres. Sometime before the publication 
of the patent in 1922, Patart had operated 
a small experimental plant near Paris and 
made methanol using several catalysts.® 

Although Patart first disclosed produc¬ 
tion of methanol from hydrogen and car- 
l^on monoxide, it is not surprising that the 
Badische Anilin und Soda Fabrik, which 
had developed the Haber ammonia proc¬ 
ess, was the first company to synthesize 
methanol commercially.^’^ Badische’s first 
patents covering the process appeared in 
1923, and in that same year some of its 
synthetic methanol was sold in America. 

The success of the Badische synthetic 
methanol process stimulated world-wide 
search for catalysts, and many synthetic 
methanol plants have been built to exploit 
the information gained in these researches. 

Very little information has been pub¬ 
lished regarding the technical details of the 
many synthetic methanol plants in the 
world. Working pressures range from 150 
atmosi)heres to almost 1,000 atmospheres; 
temperatures, from 250 to about 400“ C. 

General accounts giving various details 
of methanol synthesis have been i)ublished 
in four books.’- The history of methanol 
syIlthe^is has been reviewed by I. G. Far- 
benindustric A.-G. and by Ijormand.® 
Papers reviewing the state of the art have 

11 Badische Anilin und Soda Fabrik, Brit. l*ats. 
'227,147, 228,959, 229,714-5 (1923). 

1 '-i Groggins, P. H., Unit Processes in Organic 
i^lgnthrsis, McGraw-Hill Book Co., New York, 
211(1 oti., 1938, pp. 469-73. Grigniird, V., Du¬ 
pont, G., and Lociiuin, R., Truil6 de chimiv or- 
ganique, Masson et Cie, Paris, 1937, Vol. 6, p. 
826. Ililditch, T. P., and Hall, C. C., Catalytic 
Processes in Applied Chemistry, D. Van Nostrand 
Co., N(*w York, 2nd ed., 1937, p. 115. National 
Research Council, 'Twelfth Report of the Com¬ 
mittee on Catalysis, John Wiley & Sons, New 
York, 1940, pp. 120-4. 

131. G. Farbenindustrie A.-G., Z. angew. 
Chem., 40, 166 (1927). 


appeared frequently since 1925.^* Five re¬ 
views of periodical and patent literature 
have also been published.’® Transforma¬ 
tion of coal into technical organic products 
such as methanol and higher alcohols has 
been discussed by numerous writers.’® 
Fieldner has concluded that use of off- 
peak water-gas capacity for methanol pro¬ 
duction is less favorable than full-time 
production of methanol.” Production of 
methanol from carbon monoxide and hy- 

14 Anon., Ind. Eng. Chem., 17, 981-2 (1925). 

Fabrc, R., J. pharm. chim., (8), 2, 113-7 (1925). 
Patart, G., Bull. soc. envour. ind. nat., 137, 141- 
73 (1925) ; Chimic d Industrie, 13, 179-85 

(1925). Berr, R., Brennstoff-Chem., 8, 205-11 
(1927). Voss, Kunststoffc, 17, 79-80, 132-4, 
205 7 (1927). Birek, E., and NitzKchmann, R., 
Metallhiirsc, ID. 1350-1, 1 105-6, 1462-4, 1573-5, 
1629-32. 1742 44, 1708-9, 1910-2 (1929). Ull¬ 
rich. A.. ihuL, 19, 1181-2, 1238-9, 1294-5 

(1929). Bodeiidorf, K., 4.poth. Ztg., 45, 1141-4 
(1030). Aiidibcrt, E., Conft^renres-rapports sur 
les comhustihlrs, IScc. Tvh^cosJovaque soc, chim. 
ind., 1030, 27 11; Ann. combustibles liquides, 5, 
2.39-72 (1930), 8, 757 SCO (1933). Dolgov, B. 
N.. J. Chem lad. {U.8B.R.), 8, 457-72 (1931). 
Floury, M., Mf'm. poudres, 24, 10-48 (1931). 
Simoiiet, U., Peiniures, pigments, vernis, 8, 
1450 2, 1475-8 (1931). Pier, M., Ocl Kohlc, 1, 
47-53 (1933). RoHcndahl, F., Montan. Rund¬ 
schau, 25, 1-14 (1933) ; Petroleum Z., 29, No. 6, 
1-14 (1933). ScvaHl’yanov, Yu., Khimstroi, 0, 
112-20 (1934). 

15 Jaegor, A., Qcs. Abhandl Kenntnis Koale, 

7, 51-4 (1922-3). Dersiu, II., Chem.-tcch. 

Rundschau, 44, 146 8, 176-8 (1928). Naphthali, 
M., Has u Wasserfach, 72, 1178-84 (1029). 

i^dpinaiiii, B., and .lacckcl, B., Btr. (les. Jiohlcn- 
iech., 4, 1 20 (1931). Bcrkiiian, S., Morrell, J. 
C., and Egloff, G , Catalysis, Rcinhold Publishing 
Corp , New York, 1910, 1129 pp. 

iGMuraour, II, Rcvhcrchcs inventions, 0, 390- 
2 (1925). Patart, G., Chimic d indusirie, 1«, 
171,3-29 (1926). Schick, F, Braunkohlc, 24, 
1065-70 (1926). Berthclot, C., Bull. soc. cn- 
cour. ind. nai , 126, 485-511 (1927); Proc. 

World Eng Conqi. {Tokyo), 1.92.9, 32, 309-38 
(19,31). Duiistnn, A. E., and Shatwcll, H. G., 
J. Inst. Petroleum Tech., 14, 64-77 (1928). 
(’hauK, R., Bull, soc chim., 4.3, 385-411 (1928). 
Busorc, C. A., Mfra.’ Record, 100, No. 12, 29-30 
(1931). Rogers, B. ,1., Chem. Eng. Mining Rev,, 
2 .3, 373-80 (1931). Fanning, L. M., Oil Oas J., 
34. No. .34, 142, 150 (1936). 

iTFIcldncr, A. C., Am. Oas J., 120, 179-81 
(1937). 
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drogen and from coke-oven gas has been 
discussed by Berthelot, Naudain, Oster- 
reith and Dechamps, and Audibert.^® The 
Badische, Patart, and Audibert processes 
have been compared by Elworthy,^® and 
the economic possibilities of industrial 
ethyl alcohol and synthetic methanol as 
fuels for internal-combustion engines in 
France were reviewed by Kimpflin.^® Some 
details of the manufacture of synthetic 
ethanol and methanol by the Mining Com¬ 
pany of Bethune have been given by 
Damm.21 

Ellis, Pier, and Bosch 22 have described 
the methanol and other high-pressure syn¬ 
theses operated at the Leuna works of 1. G. 
Farbenindustrie A.-G. 

The Claude process, which is reported 
to make methanol as a byproduct of am¬ 
monia synthesis, has been described by 
Claude, and Oshima discussed the devel¬ 
opment and status of synthetic methanol 
and ammonia and compressed-gas indus¬ 
tries in Japan in 1936. The du Pont syn¬ 
thetic ammonia and methanol plants have 
been described by Crane, WardenJ)urg, and 
anonymously,and the Commercial Sol¬ 
is Audibert, B., Ann. combustibles liquides, 8, 
767-869 (1933). Osterrieth, J. W., i^iid Do- 
champs, G., Gas J., 201, 202-G (1933) ; Gas 
World, 08, No. 2531, Coking Sect, 14-7 (1933). 
Berthelot, C., Chimie d Industrie, 37, 211-23 
(1937). Nnudain, B., Tech. ind. chim.. No. 277, 
bis, 20-6 (1938). 

iSElworthy, R. T., Can. Chem. Met., 0, 139-40 
(1925). 

20 Kimpflin, G., Jiev. sci., 39, 700-3 

(1928), 40, 177-82, 211-5 (1929). 

21 Dainm, P., Moniteur produits chim., 11, 
No. 114, 1-5 (1928) ; Chem. Zentr., 1028, H, 
2208. 

22 Ellis, C., Trans. Am. Inst. Chem. Engrs., 
25, 10-41 (1930). Pier, M., Automobiltech. Z., 
30, 159-60 (1933). Bosch, C., Chem. Fabrik, 
1084, 1-10. 

23 Claude, G., Compt. rend., 182, 877-81 

(1926). 

24 Oshima, Y., Chem. Eng. Congr., Wo,rid Power 
Con)., 1080, advance proof No. G5, 10 pp. 

2 5 Anon., Ind. Eng. Chem., 22, 433-7 (1930). 
Crane, J. E., ibid., 22, 795-9 (1930). Warden- 


vents Corporation's methanol plant has 
been described by Woodruff, Gabriel, and 
Tropsch.-® Production of methanol and 
Dry Ice from byproducts of the Groznen- 
skii acetone-butyl alcohol factory have been 
described by Shvaitzer.^^ 

Determination of Methanol 
Equilibrium 

Larson 2 ® implied that the methanol 
equilibrium had been calculated with con¬ 
siderable certainty before attention was 
seriously turned to the synthesis of metha¬ 
nol from carbon monoxide and hydrogen 
and considered this knowledge of the equi¬ 
librium to have been in part responsible 
for the rapid technical success of the syn¬ 
thetic-methanol process. The earliest re¬ 
corded work on the equilibrium was done 
in 1917-8 by Christiansen 2 ® but was not 
published until 1926. Synthetic methanol 
had been on the market for two years be¬ 
fore the first published estimate of metha¬ 
nol equilibrium api)eared.®® 

The equilibrium data published before 
1932 on methanol have been summarized 
very well by Parks and Huffman.®^ To 
permit calculation of the equilibrium at 
various temiieralures and pressures it was 
necessary to develop a general free-energy 
equation for the reaction; 

burg, F. A., J. Franklin Inst., 221, 449-64 
(1936). 

26 Woodruff, J. C., Ind. Eng. Chem., 10, 1147- 
50 (1927). Gabriel, C. L., ibid., 20, 1063-7 
(1928). TropHch, H., Brennstoff-Ghem., 0, 1-2 
(1928). 

27 Shvaitzer, I., J. Chem. Ind. {U.8.B.R.), 12, 

345- 9 (1935). 

28 Larson, A. T., Trans. Electrochem. 8oc., 71, 

346- 51 (1937). 

29 Christiansen, J. A., J. Chem. Soc., 128, 413- 
21 (1926) ; J. Am. Chem. Soc., 52, 3165 (1930). 

30 Matignon, C., Bull. soc. oh im., 37, 825-36 
(1925). 

31 Parks, G. S., and Huffman, H. M., The Free 
Energies of Some Organic Compounds, Chemical 
Catalog Co., New York. 1932, pp. 113-23. 
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CO + 2 H 2 = CB.zOH{g) 16® K of 30.3 ± 0.2 entropy units (E.U.) 


Three methods of evaluating the inte¬ 
gration constant in the free-energy equa¬ 
tion have been used. Christiansen 2 ® in 
1926 and Lacy and coworkers in 1930 
measured the equilibrium in the reactions: 

2 H 2 + HCOOCHs * 2 CH 30 H(g) 

CO + CHaOHC^) = HCOOCHato) 

and calculated therefrom the equilibrium 
constant for the methanol reaction. 

Numerous investigators have measured 
the methanol equilibrium directly at sev¬ 
eral temperatures and pressures. 

The third law of thermodynamics has 
been applied to the available thermal data 
by a number of writers, and several esti¬ 
mates of the equilibrium have been made 
by means of the Nernst approximation. 

Agreement among the equilibrium con¬ 
stants determined by the first two methods 
and estimates of it based on yields in the 
practical process were always fair, but for 
several years the values calculated from 
the third law of thermodynamics were 14 
to 50 times as great as the experimental 
values. 

Kelley®® was the first to publish a free- 
energy equation for the methanol reaction. 
In deriving it, he used the entropy of liquid 
methanol at 298.1® K obtained by Parks.®* 

Smith and Francis®® also published free- 
energy equations, using Parks' entropy of 
liquid methanol. Later Kelley ®® published 
a value for the entropy of liquid metha¬ 
nol, based on specific-heat measurements to 

32 Lacy, B. S., Dunning, R. G., and Storch, 
H. H., J. Am. Chem. 80 c., 52, 926-38 (1930). 

33 Kelley, K. K., Ind. Eng. Chem., 18. 78 
(1926). 

34 Parks, G. S., J. Am. Chem. 80 c., 47, 338-45 
(1925). 

86 Smith, D. F., Jnd. Eng. Chem., 19, 801-3 
(1927). Francis, A. W., ibid., 20, 283-5 (1928). 

36 Kelley, K. K., J. Am. Chem. 80 c., 51, 180-7 
(1929). 


per mole at 298.1® K. This value was con¬ 
siderably lower than that of Parks, which 
had been based on measurements to only 
90® K. Using his value for the entropy of 
methanol, Kelley®^ derived a new free-en¬ 
ergy equation for the formation of metha¬ 
nol from hydrogen and carbon monoxide. 

Equilibrium constants calculated from 
this equation were compared with con¬ 
stants based on the synthesis of methanol 
at high pressure by Lewis and Frolich,®® 
Audibert and Raineau,®® Brown and Gal¬ 
loway,®® Morgan, Taylor, and Hedley ®® 
and Fieldner and Brown ®® and with a con¬ 
stant determined at atmospheric pressure 
by Smith and Branting,®® but in no case 
was the calculated equilibrium constant 
derived from the synthesis of methanol. 
Lacy, Dunning, and Storch,®® Newitt, 
Byrne, and Strong,*® von Wettburg and 
Dodge,*® and Smith and Hirst*® subse¬ 
quently published experimental determina¬ 
tions of the equilibrium constant. These 
experimental equilibrium constants all 
agreed as to order of magnitude but were 
only one-tenth to one-fiftieth as large as 
the constants calculated from Kelley’s 
equation. All the constants based on the 
third law of thermodynamics had been ob- 

37 Kelley, K. K., Ind. Eng. Chem., 21, 363-6 
(1929). 

38 Audibert, E., and Raineau, A., Ann. office 
combuetibles liquidva, 3, 367-428 (1928) ; Rev. 
ind. min., 8, Pt. I, No. 170, 33-68, No. 182, 
286-314 (1928) ; Ind. Eng. Chem., 20, 1105-10 
(1928). Brown, R. L., and Galloway, A. E., 
ibid., 20. 960-6 (1928). Fieldner, A. C., and 
Brown, R. L., ibid., 20, 1110-2 (1928). Lewis, 
W. K., and Frolich, P. K., ibid., 20. 285-90 
(1928). Morgan, G. T., Taylor, R., and Hedley, 
T. J., J. 8 oc. Chem. Ind., 47, 117T (1928). 

80 Smith, D. F., and Branting, B. F.. J. Am. 
Chem. 8 oc., 51, 129-39 (1929). 

40 Newitt, D. M., Byrne, B. J., and Strong, 
H. W., Proo. Roy. 8 oc. (London), A123, 236-52 
(1929). Von Wettburg, E. F., Jr., and Dodge, 
B. F., Ind. Eng. Chem., 22, 1040-6 (1930). 
Smith, D. F., and Hirat, L. L., ibid., 22, 1037-40 
(1930). 
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tained using a value of 170,980 calories as 
the beat of combustion of liquid methanol 
as determined by Richards and Davis 

Dodge questioned this figure and 
pointed out that J. Thomsen’s value for 
the heat of combustion of gaseous metha¬ 
nol at 18® C when corrected for the heat 
of vaporization would give 173,030 for 
the heat of combustion of liquid methanol 
at 18® C. Roth, in a communication to 
Smith,*® gave 173,300 calories, which he 
determined for the heat of combustion of 
liquid methanol. Using Roth’s value for 
the heat of combustion of liquid methanol 
and the other heat data as used by Kelley, 
Smith and Hirst** derived a free-energy 
equation which gave equilibrium constants 
that agreed fairly well with the experimen¬ 
tal determinations mentioned above. 

Rossini’s ** heats of combustion of meth¬ 
anol and carbon monoxide were used by 
Parks and Huffman in deriving the free- 
energy equation below: 

CO + 2H2 = CHaOHC^) 

AF° = 17,660+ 17.5T In T 

- 0.0136^2 - 57.2T 

In 1934, Newton and Dodge *® published 
further experimental determinations of the 
equilibrium constant and corrected all the 
previously published experimental con¬ 
stants for pressure by using the partial fu- 
gacity rule of Lewis and Randall.*® When 
Newton and Dodge derived four free-en- 

41 Richards, T. W., and Davis, H. S., J. Am. 
Chem. 8qo., 42, 1599-617 (1920). 

42 Dodge, B. F., Ind. Eng. Chem., 22, 89-90 
(1930). 

48 Smith, D. F., and Hirst, L. L., p. 1039 of 
ref. 40. 

44 Rossini, F. D., J. Research, Natl. Bur. 
Standards, 0, 87-49 (1931), 8, 119-89 (1932). 

46 Newton, R. C., and Dodge, B. F., J. Am. 
Chem. Soo., 5C, 1287-91 (1934). 

46 Lewis, G. N., and Randall, M., Thermody¬ 
namics, McGraw-Hill Book Co., New York, 1923, 
pp. 226-7. 


ergy equations using various combinations 
of the most accurate heat data, they found 
that the spread among equilibrium con¬ 
stants calculated from these equations was 
about half as great as that between the 
most divergent experimentally determined 
equilibrium constants after correction for 
pressure by the above method. 

They considered the equation: 

3 724 

logic A+o = - 9.1293 logic T 

+ 0.00308!r + 13.412 

to be a satisfactory fit for the equilibrium 
data. 

In 1936, Kassel *^ calculated entropies for 
gaseous methanol models having torsional 
oscillation and free rotation about the car¬ 
bon monoxide bond by means of the avail¬ 
able spectroscopic data. For the torsion 
model, the entropy was 66.74 E.U., and for 
the free-rotation model, 58.38. These val¬ 
ues can be compared with that of 56.63 
E.U. calculated from Kelley’s entropy of 
liquid methanol. Thompson** stated in 
1941 that it was certain that the free 
energy of gaseous methanol lies between 
the limits calculated by Kassel for the 

above models and gave for — 

at 470® K a value of 52.365 w 
compared with Kassel’s values of 52.196 
and 53.350, respectively, for the torsion 
and free-rotation models. 

The entropies of methanol as determined 
from low-temperature specific-heat meas¬ 
urements by Kelley and spectroscopic data 
by Kassel and Thompson are in substantial 
agreement, but the experimentally deter¬ 
mined equilibrium constants for the meth¬ 
anol reactions vary widely among them- 

47 KtiBsel, L. S., J. Chem. Phys., 4, 498-6 
(1936). 

48 Thompson, H. W., Trans. Faraday Soc., 37, 
254-5 (1941). 
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selves. This variation is not surprising, 
since the reaction has been carried out with 
a variety of catalysts on which numerous 
side reactions are known to occur. For in¬ 
stance, wherever the gases leaving the cat¬ 
alyst have been analyzed, it has been found 
that 2 volumes of hydrogen did not disap¬ 
pear for each volume of carbon monoxide. 
Formation of water and of oily liquids that 
float on methanol are frequently reported, 
and it has been shown that for a zinc ox¬ 
ide-chromium oxide catalyst^® there are 
several reactions occurring at appreciable 
rates. It therefore seems that, until a cat¬ 
alyst specific for the methanol reaction is 
developed, the value of the equilibrium 
constant can be most accurately obtained 
by application of the third law of thermo¬ 
dynamics to the best available heat data 
or by calculation from the spectroscopic 
data. 

Methanol-Process Patents 

The process of synthesizing methanol 
from hydrogen and carbon dioxide gases 
in which the hydrogen is present in great 
excess has been patented by Edmonds,®® 
but most methanol is made from gases 
containing hydrogen and carbon monoxide 
or mixed oxides of carbon. This process 
has been covered by numerous patents, 
among which can be listed those of Ba- 
dische Anilin und Soda Fabrik,®^ Patart,®^ 
I. G. Farbenindustrie Claude proc- 

49 Smith, D. F., and Hirst, L. L., ref. 40. 

60 Edmonds, W. .7., Can. Pat. 286,289 (1929). 
Edmonds, W. J., and Stengol, L. A., Can. Pat. 
286,290 (1929). Edmonds, W. J., U. S. Pat. 
1,875,714 (1932). 

61 Bndische Anilin und Soda Fabrik, Ger. Pat. 

293,787 (1913) ; Brit. Pats. 229,714-5 (1923). 
Patart, G.. Brit. Pats. 247,178 and 247,932 
(1925). Pier, M., and Milller, C., Can. Pat. 
241,483 (1925). I. G. Farbenindustrie A.-G., 
Brit. Pats. 308,181 (1927), 495,129 (1938). 

Pier, M., and Wietzel, G., U. S. Pat. 1,788,170 
(1931). 
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ess,®* and the Commercial Solvents Cor¬ 
poration process.** 

Blondelle** has patented a process in 
which a portion of the hydrogen required 
is derived from the action of steam on re¬ 
duced iron oxide and the balance of the 
hydrogen and the required oxides of car¬ 
bon are derived from the action of coke- 
oven gas on the iron oxide, the mixed re¬ 
sulting gases being cracked at 1,200® C and 
purified from sulfur before being passed 
over a copper catalyst activated by rare 
earths. 

Humphrey*® has patented a process of 
converting coal to methanol by the follow¬ 
ing steps. Coal is dried in a partly oxidiz¬ 
ing atmosphere, then carbonized at low 
temperature; the semicoke is used to pro¬ 
duce water gas, which is then passed over 
iron or other materials to produce higher 
paraffin hydrocarbons. The residual gases 
are then passed over methanol catalysts to 
produce methanol. Jaeger*® claimed to 
have developed a process in which carbon 
monoxide and hydrogen react to form only 
formaldehyde, which, in a separate con¬ 
verter, without separation from the gas 
stream, is caused to react further with hy¬ 
drogen in the presence of mild reduction 
and oxidation ca'talysts to produce metha¬ 
nol, but there is no report of successful 
commercial exploitation of this process. 

Gas Production and Purification 

Preparation of hydrogen and carbon 
monoxide, which are required in the syn¬ 
thesis of methanol, has been described in 

52 Soc. I'air liquide, boc. anon, pour T^tude et 
Texploitation des precedes G. Claude, Brit. Pat. 
806,512 (1928). 

5S Stengel, L. A., Can. Pat. 286,288 (1929) ; 
U. S. Pat. 1,754,371 (1930). Edmonds, W. J., 
and Stengel, L. A., U. S. Pat. 1,797,569 (1981). 

.64 Blondelle, R., U. S. Pat. 2,014,757 (1935). 

65 Synthetic Ammonia and Nitrates, Ltd., and 
Humphrey, H. A., Brit. Pat. 282,578 (1927). 

66 Jaeger, A. O., U. S. Pat. 1,824,896 (1981). 
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Chapters 36 and 39. The patents and ar¬ 
ticles below are listed because they have 
been granted to cover processes for pro¬ 
ducing gaseous mixtures, particularly for 
methanol synthesis. Coal may be distilled 
to produce synthesis gas,®^ and Natta®® 
patented gasification of solid fuels or char¬ 
coal in gas producers held below 750“ C 
when using not more than 1 volume of 
oxygen per 2 volumes of steam. 

The cellular water-gas producer has been 
described by Heller,®® and the Philipon gas 
producer and the installation at Sainte- 
Etienne has been described by Estival.®® 
Takei®^ has described the use of natural 
coke briquets to make water gas for meth¬ 
anol and ammonia synthesis. 

Gaseous hydrocarbons, such as methane, 
may be submitted to the action of an elec¬ 
tric arc with the addition of a compound 
yielding oxygen, such as carbon dioxide or 
steam.®* 

Mixtures of carbon monoxide and hy¬ 
drogen for the production of methanol and 
other oxygenated organic compounds are 
obtained by incomplete combustion of 
methane, which may be mixed with half 
its volume of oxygen and the mixture in¬ 
jected into a mass of coke maintained at 
about 1,000“ C.«» 

A mixture of carbon monoxide and hy¬ 
drogen for the production of methanol is 
obtained by passing over known catalysts 
a mixture of a hydrocarbon, such as meth¬ 
ane, and carbon dioxide and steam, at tem¬ 
peratures between 600 and 1,200® C.®^ 

6 TThau, A., Z. Yer. deut. Ing., 82, 129-38 
(1938). 

58 Natta, G., Brit. Pat. 330,918 (1929) ; Pr. 
Pat. 681,147 (1929) ; Ger. Pat. 614.928 (1935), 

50 Heller, O., Chimie d induatrie. Special No. 
466-7, June, 1933. 

eoEfltlval, J., G4nie civil, 100, 405-7 (1937). 

61 Takcl, M., J. Fuel 8oc., Japan, 15, 425-40 
(in English 36-42) (1936). 

62 Soc. I’air liquide, Fr. Pat. 712,092 (1931). 

esPatart, G., Brit. Pat. 247,176 (1925). 


Gaseous mixtures containing hydrocar¬ 
bons are passed over catalysts like iron, 
cobalt, nickel, chromium, aluminum, man¬ 
ganese, silicon, carbon, copper, vanadium, 
and tungsten and compounds or mixed 
crystals of these elements together with 
superheated steam at temperatures of 
1,000“ C or higher to produce gaseous mix¬ 
tures rich in hydrogen.®® 

Partial combustion of methane in ad¬ 
mixture with steam of high temperature 
(for example, 1,300“ C) followed by the 
addition of more steam and passage over 
a nickel catalyst at about 800“ C has been 
patented for production of gas for metha¬ 
nol synthesis.®® 

Methane or other saturated hydrocar¬ 
bons are converted to unsaturated hydro¬ 
carbons, hydrogen, and carbon oxides in 
two steps by treatment with oxygen or 
steam or both with or without a catalyst. 
After electric-arc heating or incomplete 
combustion, the gas is passed with steam 
over a catalyst containing nickel and alu¬ 
minum oxide. Residual gases may be satu¬ 
rated with water vapor, preheated, sub¬ 
jected to partial combustion, then passed 
with additional steam over a nickel-mag¬ 
nesium catalyst to obtain an impure mix¬ 
ture of carbon monoxide and hydrogen, 
which may be freed from carbon dioxide 
and hydrogen sulfide and then used to 
make methanol.®’^ 

Mixtures of gases have been separated, 
with fractions suitable for ammonia or 
methanol synthesis, by absorption followed 
by fractional desorption on activated char¬ 
coal or silica gel.®® 

64 Soc. anon, des charbons actifs :&douard Ur- 
bain, Fr. Pat. 641,195 (1927). 

65 Schulz, E. H., and Elsenstecken, F., Brit. 
Pat. 314,870 (1928). 

' eeChaffette, M., Fr. Pat. 733,248 (1932). 

67 I. G. Farbenindustrie A.-G., Brit. Pat. 269,- 
647 (1926). 

68 British Celanese, Ltd., Finlayson, D., and 
Sharp, A. T., Brit. Pat. 365,092 (1930). 
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Claude®® has described recovery of hy¬ 
drogen-containing carbon monoxide from 
coke-oven-gas low-temperature fractiona¬ 
tion. 

Recovery of nitrogen, hydrogen, and 
carbon monoxide from residual coke-oven 
gases has been patented by Minotte.^® 

Crude hydrogen-nitrogen mixture for 
ammonia and methanol synthesis also may 
be recovered from coke-oven gases by con¬ 
densation at low temperature and high 
pressure 

Coke-oven gas may be subjected to oxi¬ 
dizing cracking at a high temperature in 
the presence of oxygen and the resulting 
gases subjected to low-temperature frac¬ 
tionation to prepare starting materials for 
ammonia and methanol synthesis. 

Modification of excess gases from blast 
furnaces to make them suitable for metha¬ 
nol and other syntheses has been pat¬ 
ented.'^® 

Residual gases from manufacture of hy¬ 
drogen by the iron-steam process may be 
converted into a mixture of carbon monox¬ 
ide, hydrogen, and nitrogen by bringing 
them into contact with coke heated exter¬ 
nally to about 1,200° C.'^'^ 

Hydrogen may be made by reaction of 
steam with reduced iron oxide and com¬ 
bined with the product from reduction of 
the iron oxide by coke-oven gas and the 
mixture cracked at high temperature.^® 

Gases containing a high percentage of 
inert gases (for instance, power gas contain¬ 
er Claude, G., Compt. rend,, ISS, 877-81 
(1926). 

ToMinotte, M. E. H., U. S. Pat. 1,875,253 
(1932). 

71 Sakniin, P. K., J. Chem. Ind. (U.S.S.B.), 
13, 1459-C2 (1936) ; lirennstotf-Chem., 18, 69-71 
(1937). 

72 Hans, J. E., Fr. Pat. 817,767 (1937), 

73 Soc. d’4tudes et de construction metaUur- 
giqiies, Fr. Pat. 683,615 (1929). 

74 Soc. des mines de Dourges, Fr. Pat. 706,504 
(1930). 

TBBlondelle, R., U. S. Pat. 2,014,757 (1935). 


ing carbon monoxide 15.3, hydrogen 30.6, 
nitrogen 51 percent) also may be used in 
methanol synthesis."^® 

Waste gases from coal, tar, or mineral- 
oil hydrogenation and from ammonia syn¬ 
thesis are used in the production of meth¬ 
anol. 

Use of gases containing a high percent¬ 
age of inerts or a large excess of one of the 
reaction gases, with purging of some of the 
gas after passage over the catalyst and en¬ 
richment prior to the next passage over the 
catalyst, was covered in an early methanol 
patent.^® 

Treatment of phosphorus blast-furnace 
gases with steam to prepare methanol syn¬ 
thesis gases also has been patented.^® . 

GAS PURIFICATION 

Sulfur and volatile iron compounds are 
poisons fo^' some methanol catalysts, and 
numerous methods of removing them have 
been described. One of the earliest Ba- 
dische patents®® on the methanol synthe¬ 
sis stresses the necessity of exhaustive puri¬ 
fication treatment of the synthesis gases to 
remove organic sulfur comiiounds and vol¬ 
atile iron compounds before passage over 
the methanol catalysts. 

Substantially all the sulfur content of 
gases for methanol synthesis may be re¬ 
moved by passage of a gas mixture con¬ 
taining principally an oxide of carbon over 
iron at 400 to 850° C.®i 

Catalyst poisons, like volatile compounds 
of iron and sulfur compounds, are removed 

76 Pier, M., and Wietzel, G., U. S. Pat. 1,788,- 
170 (1931). 

77 1. G. FarbeninduNtrle A.-G., Fr, Pat. 684,- 
181 (1929). 

7» BadiHche Anilin und Soda Fabrik, Brit. Pat. 
266,405 (1925). 

79VoIturon, E., Ger. Pat. 531,498 (1929). 

80 Badiache Anilin und Soda Fabrik, Brit. Pat. 
228,959 (1923). 

81 Bannister, Wm. J., U. S. Pat. 1,767,826 
(1930). 
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from syntliesis gases before they come into 
contact with the catalyst, one means men-, 
tinned being passage through a layer of ac¬ 
tive carbon.®* 

Sulfur is removed from synthesis gases 
by passage over one or more masses of zinc 
oxide with or without chromium oxide and 
then over more methanol catalysts sensi¬ 
tive to sulfur poisoning such as those con¬ 
taining copper or manganese or their com¬ 
pounds.®® ■ 

Water gas and like mixtures of carbon 
monoxide and hydrogen to be used in the 
manufacture of methanol are given pre¬ 
liminary purification by treatment with 
steam in the presence of a catalyst pro¬ 
moting the production of hydrogen and 
carbon dioxide from carbon monoxide and 
steam. During this treatment, the or¬ 
ganic sulfur compounds in the gas mixture 
are transformed to hydrogen sulfide, which 
is removed with the carbon dioxide.®* 

Gases containing carbon dioxide, hydro¬ 
gen, and nitrogen made from residual gases 
from the manufacture of hydrogen from 
the iron-steam process are desulfurized by 
passage over a catalyst of reduced cupric 
oxide followed by washing in an alkaline 
solution or by passage over ferrous oxide 
followed by washing.®® 

Gases circulated in a process can be 
purified by passing them in rapid concur¬ 
rent flow with a liquid absorbent which re¬ 
moves only a small proportion of the un¬ 
desired constituents.®® 

82 I. G. FarbenIndustrie A.-G., Ger. Pat. 462,- 
837 (1928). Pier, M.. Muellor-Cunradi, M., 

Wietzel, G., and Winkler, K., U. S. Pat. 1,766,768 
(1930). 

88 Dreyfus, H., Brit. Pat. 336,962 (1929); U. 
S. Pat. 1,868,096 (1932). 

84 Wietzel, G., and Winkler, K., Ger. Pat. 488,- 
156 (1928). 

86 Soc. des mines Dourges, Fr. Pat. 706,604 
(1930). 

86 Gordon, K., and Imperial Chemical Indus¬ 
tries, Ltd., Brit. Pat. 432,674 (1935). 


High-boiling hydrocarbons or phenols or 
their mixtures at 10 atmospheres or higher 
pressure and at such a temperature that 
the concentration of hydrogen sulfide 
amounts to less than 0.3 percent by vol¬ 
ume of the gas can be used to remove vola¬ 
tile sulfur compounds from the gases in¬ 
tended for the manufacture of ammonia 
and methanol.®^ 

Apparatus for Methanol Synthesis 

The synthesis of methanol from carbon 
monoxide and hydrogen has necessitated 
equipment to withstand high operating 
pressures at fairly elevated temperatures. 
Problems of heat exchange have been se¬ 
vere because the reaction is exothermic. 
In consequence, there are numerous pat¬ 
ents covering special high-pressure equip¬ 
ment developed to facilitate the operation 
of the synthesis.®® 

Maxted ®® has discussed the employ¬ 
ment of high pressures in chemical indus¬ 
try and has given details about joints, shaft 
packing, internal heaters, and thermocou¬ 
ple leads. 

Tongue®® has written an excellent book 
on the design and construction of the high- 
pressure chemical plant. In a later book 
on chemical engineering he has devoted a 
chapter to pressure vessels for the chemi¬ 
cal industry.®^ Newitt®* has also pub- 

87 I. G. Farbenindustrle A.-G., Brit. Pat. 336,- 
319 (1929). 

88 Soc. nationale do rochercbeH sur le traite- 
ment des combustibles, Fr. Pat. 699,438 (1929). 
Edmonds, W. J., Can. Pats. 309,962-3 (1930) ; 
U. S. Pat. 1,848,406 (1932). Audibort, B., U. S. 
Put. 1,870,666 (1932). Troitskil, K. V., Russ. 
Pats. 44,239 (1935), 51,150 (1937). 

89 Maxted, E. B., J. Soc. Ghem. Ind., 45, 366- 
70T (1926). 

80 Tongue, H., The Design and Construction o/ 
High Pressure Chemical Plant, Chapman and 
Hall, London, 1934, 420 pp. 

81 Tongue, H., A Practical Manual o/ Chemi¬ 
cal Engineering, D. Van Nostrand Co., New 
York, 1939, pp. 178-241. 

92Newltt, D. M., The Design of High Pres- 
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lished a useful book on the design of high- 
pressure plants and the properties of fluids 
at high pressures. 

Various systems and devices have been 
patented for exchanging heat between re¬ 
actants and reacted gases or for raising the 
reactants to the required temperatures.®® 
Converters and methods of arranging cata¬ 
lysts in them have been patented.®* Use 
of zinc or alloys of zinc, of cadmium, of 
steel containing a high percentage of chro¬ 
mium, and of metals or alloys resistant to 
carbon monoxide as lining or construction 
materials for methanol converters has been 
patented.®® 

It has been claimed that corrosion of 
steel during the synthesis of methanol re¬ 
sults mainly from the production of iron 
carbonyl. Metals alloyed with steel can 
reduce the formation of carbonyl. The 
most resistant steels are those with high 
chromium content (13 to 15 percent). 
Chrome-vanadium steel has been reported 
to be unsuitable from the standpoint of 
corrosion.®® 

Use of a layer of nonreducing gases, such 
as nitrogen or carbon dioxide, to prevent 

Hiire Plant and the Properties of Fluids at High 
Pressures^ Oxford University Press, London, 
1940, 491 pp. 

93 Almquist, J. A., Brit. Put. 344,570 (1928). 
Gordon, K., and Imperial Chemical Industries, 
Ltd., Brit. Pat. 317,131 (1928). Brill, J. L., 

Brit. Pat. 342,854 (1928). Morgan, G. T., and 
Tongue, H., Brit. Pat. 325,678 (1929). Casale, 
L., U. S. Pat. 1,790,853 (1931). Chaffaut, R. 

D., U. S. Pat. 1,942,021 (1934). Edmonds, W. 

J., U. S. Pat. 1,980,718 (1935). Gavrilow, V. 

S., Russ. Pats. 44,238, 44,240 (1935). Klein- 
schmidt, R. V., U. S. Pat 2,051,774 (1936). 

04Patart, G. L. E., Brit. Pat. 252,302 (1925). 
Pyzel, E., U. S. Pat. 2,006,078 (1935). 

96 Pier, M., Rumpf, W., Lappe, P., and Stern, 
G., Can. Pat. 254,987 (1925). I. G. Farben- 
industrie A.-G., Brit. Pats. 341,163 (1929), 454,- 
428 (1936) ; Pr. Pat. 799,270 (1936). Pier, M., 
U. S. Pat. 1,823,468 (1931). 

96 Ivanov, K. N,, and Kozlov, L. I., Khim. 
Mashinostroenie, 5, No. 6, 86-9 (1936) ; Chimie 
d Industrie, 88, 928 (1986). 


contact of the copper walls of the catalyst 
chamber with reducing gases, which tend 
to diffuse through copper by reduction of 
oxide, has been patented.®^ Reaction in 
the pores of a wall between reactants sup¬ 
plied individually to either side of the wall 
has been patented.®® Introduction of the 
fresh gases into the circuit through an in¬ 
jector nozzle to circulate the reacting gases 
also has been patented.®® Patents have 
been issued on the suspension of the cata¬ 
lyst throughout the reaction space and 
whirling by a current of gas in synthesis 
of methanol.^®® Undesired side reactions 
may be avoided by injecting the liquid 
reaction product continuously or from 
time to time directly into the contact 
niiiss.*®^ 

In exothermic syntheses, such as metha¬ 
nol from carbon monoxide and hydrogen, a 
liquid such as water is added to the reac¬ 
tion gases to control the temperature of 
the reaction,^®® or the gas is introduced in 
predetermined amounts to separated por¬ 
tions of different content of catalyst while 
continuous gas circulation is maintained.^®® 

Purification or Mkthanol 

Purity of methanol varies with the selec¬ 
tivity of the synthesis catalyst. Sometimes 
esters and ethers and oily, high-molecular- 
weight sul)stances are produced. The 
methods of purification employ centrifug- 

97 1. G. ParbeninduBtrie A.-G., Brit.* Pat. 260,- 
888 (1926). 

08 Verein ftir chemische Industrie A.-Q., Swiss 
Pat. 127,243 (1926) ; Ger. Pat. 474,288 (1927). 

99 Casale, L., Brit. Pnt. 252,573 (1926); Can. 
Pat. 267,008 (1926). 

100 I. G. Farbenindustrie A.-G., Brit. Pat. 274.- 
904 (1926) ; Pr. Pat. 638,109 (1927). 

101 Pier, M., Ger. Pat. 484,166 (1923). 

102 Compagnie de B4thune, Pr. Pat. 689,058 
(1927) ; Brit. Pat. 283,499 (1927). 

108 Richardson, R. S., U. S. Pat. 1.921.77a 
(1938). 
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oxidation and rectification,^®® sol¬ 
vent washing with solvents scarcely misci¬ 
ble with aqueous methanol and having 
lower boiling points (such as carbon disul¬ 
fide or benzine),^®® or distillation to re¬ 
move ethers and esters.^®^ 

Crude methanol can be purified by heat¬ 
ing to 100 to 300® C at pressures above 50 
atmospheres in the presence of oxygen- 
containing compounds that are not reduced 
to the metallic state under the conditions 
of working or in the presence of sulfur- 
containing compounds of the heavy metals 
of the first, second, fourth, fifth, sixth, or 
eighth groups.^®® Higher-molecular-weight 
alcohols can be converted into sulfuric acid 
esters or their salts by treatment with sul¬ 
furic acid and oleum.^®® 

Methanol and other alcohols boiling be¬ 
low 100® C may be treated with a halogen, 
such as chlorine or bromine, in a quantity 
less than that required to satisfy the “un¬ 
saturated value” of the alcohol; the mate¬ 
rial is then distilled, treated with alkali to 
remove halogen acid, and fractionated.^'® 
Organic liquids prepared catalytically from 
hydrogen and oxides of carbon may also be 
purified by treatment with bases."' The 
heat of the reaction mixture coming from 
the catalysis chamber has been urtilized for 
the distillation and rectification of the 
crude liquid product obtained by the proc- 

104 Giesen, J., Hanisch, H., and Dally, M., 
IT. S. Pot. 2,115,553 (1938). 

106 Nikitin, V. M., J. Chem. Ind. {U.8.S.R.), 
14. 1067-72 (1937). 

loeScheuble, R., U. S. Pat. 2,083,125 (1937). 

107 Ferdman, Y. A., and Allison, E., J. Chem. 
Ind. iU.S.8.R.), 12. 1237-40 (1935). 

108 I. G. Farbenindustrie A.-G., Fr. Pat. 746,- 
640 (1933). 

100 Deutsche Hydrierwerke A.-G., Ger. Pat. 
535,853 (1929). 

110 Imperial Chemical Industries, Ltd., and 
Armit, J. W., Brit. Pat. 346,658 (1929). 

111 I. G. Farbenindustrie A.-G., Ger. Pat. 642,- 
616 (1923). 


ess."® Methanol may also be purified by 
treatment with a salting-out solution and 
a solvent for hydrocarbons which is sub¬ 
stantially immiscible with the mixture of 
methanol and salting-out solution."® 

Catalysts for Synthesis of Methanol 

A great number and wide variety of 
methanol catalysts have been patented or 
described in the literature. A good metha¬ 
nol catalyst should give high conversion of 
the synthesis gases to methanol with as 
little as possible conversion to side reaction 
products, such as methane, ethers, and 
higher alcohols. It should also be capable 
of maintaining high activity for long peri¬ 
ods and should be relatively insensitive to 
poisons, such as sulfur compounds. A cat¬ 
alyst that is active at lower temperatures 
has another advantage, since, at a given 
pressure, the equilibrium amount of meth¬ 
anol in the gas mixture increases as the 
temperature is lowered. 

Two general methods of testing materi¬ 
als as methanol catalysts have been widely 
used. Decomposition of methanol vapor on 
the materials being tested as catalysts at 
atmospheric pressure and temperatures in 
the range of 250 to 400® C has been exten¬ 
sively employed as a rapid and inexpensive 
means of evaluating methanol catalysts. 
For more precise testing of catalysts be¬ 
lieved to show considerable promise, car¬ 
bon monoxide and hydrogen mixtures are 
passed over the catalyst at elevated tem¬ 
peratures and pressures, and the weight of 
methanol formed is determined. 

The literature on the thermal decompo¬ 
sition of methanol by various.contact sub¬ 
stances was reviewed by Schellenberg,'" 

112 Soc. italina ricerche industrial!, Fr. Pat. 
660,108 (1928). 

113 Ward, M. J. V., and Imperial Chemical 
Industries, Ltd., Brit. Pat. 309,708 (1928). 

114 Scbellenberg, A., Gea. Ahhandl. Kenntnia 
Kohle, 7. 9-12 (1922-3). 
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but since that time a great amount of 
work has been done. 

Frolich^^® and coworkers were the first 
to show that there is definite relationship 
between the synthesis of an alcohol from 
carbon monoxide and hydrogen and its de¬ 
composition over the same catalyst combi¬ 
nations at atmospheric pressure. In this 
work the catalysts were cupric oxide-zinc 
oxide and zinc oxide-chromic oxide, and it 
was concluded that agreement between de¬ 
composition and synthesis experiments was 
so close that the inexpensive decomposition 
method was suitable for evaluating cata¬ 
lysts for high-pressure synthesis. 

Huffman and Dodge worked with a 
series of zinc oxide-chromic oxide catalysts 
at 350“ C and obtained good but not com¬ 
plete parallelism between decomposition 
and synthetic activity of these catalysts. 
For catalysts containing 60 to 100 percent 
chromic oxide, they found very little activ¬ 
ity for decomposition into carbon monox¬ 
ide and hydrogen, whereas these catalysts 
had considerable synthetic activity at high 
pressure. Storch”^ obtained still less par¬ 
allelism between decomposition and syn¬ 
thetic activity when he used some zinc ox¬ 
ide-chromic oxide catalysts. He found that 
the catalyst containing about 90 percent 
zinc oxide and 10 percent chromic oxide 
was more active in synthesis at about 200 
atmospheres pressure than cither pure zinc 
oxide or i)ure chromic oxide, whereas in 
decomposition experiments at atmospheric 

iicFrolIch, P. K., J. Boc. Chetn. Ind., 4/7, 
173-9T (1928). Prolich, P. K., Fenske, M. R., 
Taylor, P. S., and Southwlck, C. A., Jr., Ind. 
Eng Chem., 20, 1327-30 (1928). Cryder, D. 
S., and Frolloh, P. K., ibid., 21. 867-71 (1929). 
Ponske, M. R,, and Frolich, P. K., ibid., 21, 
1052-5 (1929). Frolich, P. K., Trans. Electro- 
chem. Boc., 71, 317 (1937). 

116 Huffman, J. R., and Dodge, B. F., Ind. 
Eng. Chem., 21, 1056-61 (1929). 

iiTStorch, H. H., J. Phys. Chem., 82, 1743-7 
(1928). 
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pressure these materials showed no appre¬ 
ciable differences in activity. 

Most of the reviews of the technical and 
patent literature on methanol synthesis de¬ 
vote considerable time to catalysts. J&e- 
ger^^® reviewed the general literature to 
1923 and Dersin^^* to 1929; Lopmann 
and Jaeckel reviewed the German pat¬ 
ent situation on catalysts, gas purification, 
equipment, and product purification to 
1931. Mittasch^-^ has reviewed develop¬ 
ment of complex catalysts. 

Almquist has given a brief account of 
catalysts to 1926, and Mitchell has sur¬ 
veyed the methanol process in more detail. 

Audibert has reviewed commercial 
synthesis of methanol and paid much at¬ 
tention to side reactions and catalysts. 
PascaD^® reviewed synthesis of methanol 
in a general article on hydrogenation and 
cracking, and the role of the suboxides in 
methanol and other syntheses from hydro¬ 
gen and carbon monoxide has been re¬ 
viewed by Audibert.^2® 

In Catalysis by Berkman, Morrell, and 
Egloff^® methanol catalysis is considered 
frequently and methanol-synthesis cata¬ 
lysts are tabulated on i)ages 685 to 689; 
catalytic hydrogenation of carbon monox¬ 
ide is also considered on pages 813 and 814. 

Zinc oxide has been patented as a metha¬ 
ne jaegor, A., Ges. Abhandl. Kenntnis Kohle, 
7, 51-4 (1922-3). 

119 Derain, II., Chem-tech. Rundschau, 44, 
146-8, 176-8 (1929). 

120 Ij()pmann, B., and Jaeckel, B., Ber. Ges. 
Kohleniech., 4, 1-20 (1931). 

121 Mittasch, A., Z. Elckirochem., 86, 669-80 
(1930). 

122 AlmquiHt, J. A., J. Chem. Education, 8, 
385-9 (1926). 

123 Mitchell. J. A., ibid., 9, 59-71 (1932). 

124 Audibert, E., Ann. combustibles Uquides, 0, 
655-709 (1931). 

126 PaBcal, P., Tech, moderns, 17, 449-66 
(1925). 

126 Audibert, E., Chimie d industrie, 18, 186- 
94 (1925). 
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nol catalyst many times,and studies of 
methanol synthesis with zinc oxide cata¬ 
lysts prepared in a variety of ways have 
been made by several investigators 
Activity of this catalyst depends particu¬ 
larly on its pretreatment. Hiittig, Kostc- 
litz, and Feher^^® made thirty prepara¬ 
tions of zinc oxide, decomposed methanol 
on them, and concluded that particularly 
active catalysts resulted when zinc carbon¬ 
ate was decomposed in an atmosphere of 
steam or methanol, or from the combustion 
of zinc wool, or from thoroughly washed 
zinc hydroxide precipitates. 

Kostelitz, Hiittig, and Kittcl com¬ 
pressed basic zinc carbonates to pressures 
of 50 to 5,000 atmospheres, then converted 
them to zinc oxide and determined their 
activity in the decomposition of methanol. 
They concluded that, on a weight basis, de¬ 
composition decreased with increased com¬ 
pression, but on a volume basis it in¬ 
creased. Several complex zinc oxalates 

127 Badlsche Anilin und Soda Fabrik, Ger. Pat. 
203,787 (1913). Dreyfus, H., Brit. Pat. 262.- 
494 (1925) ; U. S. Pat. 1,738,989 (1929). I. G. 
Farbenindustrie A.-G., Brit. Pat, 257,250 (1925). 
Bloomfield, G., U. S. Pat. 1,668,838 (1928). 
Natta, G., Fr. Pat. 670,763 (1929) ; Swiss Pat. 
140,093 (1929) ; U. S. Pat. 1.815,677 (1935) ; 
Brit. Pat. 330,919 (1929) ; Fr. Pat. 822,818 
(1938). Bader, W., and Green, S. J., U. S. 
Pat. 1,793,350 (1931). Krauch, C., and Pier, 
M., Ger. Pat. 671,606 (1939). 

128 Patart, G., Compt. rend., 179, 1330- 2 
(1924). Morgan, G. T., Taylor, R., and Hedley, 
T. J., J. Boc. Chem. Ind., 47, 117-22T (1928). 
Frolich, P. K., Fenske, M. R., Taylor, P. S., and 
Southwick, C. A., Ind. Eng. Chem., 20. 1327-30 
(1928). Brown, R. L., and Galloway, A. £., 
ref. 38. Cryder, D S., and Frolich, P. K., ref. 
116. Berl, B., and Bemmann, R., Z. angew. 
Chem., 44, 34-9 (1931). Lazier, W. A., and 
Vaughen, J. V., J. Am. Chem. Boc., 64, 8080-95 
(1932). Ivannikov, P. Ya., Frost, A. V., and 
Shapiro, M. I., Compt. rend. acad. aci. (U.R. 
8.8.), 1088, 124-6. Molstad, M. C., and Dodge, 
B. F., Ind. Eng. Chem., 27, 134-40 (1935). 

128 Hiittig, G. F., Kostelitz, O., and Feher, I., 
Z. anorg. allgem. Chem., 108, 206-18 (1931). 

180 Kostelitz, O., Httttig, G. F., and Kittel, 
H., Z. Elektrochem., 80, 362-8 (1933). 


were decomposed to give methanol cata¬ 
lysts,^®^ and it was concluded that those 
oxalates that were most tightly bound 
yielded most-active methanol decomposi¬ 
tion catalysts. 

Ivannikov, Frost, and Shapiro ^®® decom¬ 
posed zinc oxide hydrates at temperatures 
from 100 to 1,300® C and concluded that 
the activity of the resulting zinc oxide, 
where used as a methanol decomposition 
catalyst, decreased sharply as the decom¬ 
position temperature was raised. They 
also found that the decrease in activity 
began sooner and proceeded more rapidly 
than the decrease in surface caused by sin¬ 
tering. 

Hiittig, Strial, and Kittcl prepared 
numerous chromic oxide catalysts and 
tested them for decomposition of metha¬ 
nol. They concluded that differences in 
activity were not due solely to changes in 
area but mainly to differences in atomic 
and molecular arrangements in the surface. 

Copper is a favorite lining material for 
methanol catalyst chambers, and many 
catalysts containing coi)per as a major in¬ 
gredient have been patented and investi¬ 
gated.^®® Catalysts containing copper in 
sizable amounts are characterized by Lar¬ 
son “® and Lazier as very active in the 
synthesis of methanol at low temperatures 
but as tending to catalyze side reactions, 
such as methane formation, which is fol¬ 
lowed by runaway temperatures and sub¬ 
sequent loss of catalytic activity. 

Audibert^®® considered cop])er made by 

131 Hiittig, G. F., and (ioork, II., Z. anorg. 
allgrm. Chem., 231, 249-63 (1927). 

i32nattig, G. F., Strial. K., and Kittel, H., 
Z. Elektrochem., SO, 368-73 (1933). 

138 Badlache Anilin und Soda Fabrik, Brit. 
Pat. 227,147 (1923). Krauch, C., and Pier, M., 
Ger. Pat. 671,606 (1939). 

184 Twelfth Report of the Committee on 
Catalyaia, ret. 12. 

186 Audibert, E., Tech, moderne, 20, 861-6 
(1928). Audibert, E., and Raineau, A., Ind. 
Eng. Chem., 20, 1105-10 (1928). 
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reducing copper oxide more active than alkali metals and iron^ nickel, or cobalt. 


zinc oxide and suitable for use at lower 
pressures. 

Numerous copper oxide base catalysts 
were patented by Storch.^*® They con¬ 
sisted of copper obtained by decomposition 
of a cuprammonium compound followed by 
reduction with hydrogen; copper with a 
fluoride of calcium, barium, strontium, or 
magnesium; and cupric oxide precipitated 
from a cuprammonium salt solution in in¬ 
timate mixture with magnesium hydroxide. 

Audibert has patented a copper cata¬ 
lyst prepared from copper nitrate or an 
organic copper salt by alkali precipitation, 
washing, drying in vacuo, mixing with a 
small proportion of violet copper, and 
finally reducing at 200“ C or lower with 
hydrogen or carbon monoxide. 

Plotnikov and Kaganova found that 
pure copper catalyst made from Kahl- 
baum’s and Merckxs copper oxides were 
quite different in length of activity. They 
also found the addition of 6 mole percent 
of vanadium pentoxide to give a catalyst 
which decomposed methanol completely, 
but gave carbon dioxide and methane as 
well as hydrogen and carbon monoxide. 

One of the most active and rugged types 
of methanol catalysts consists of combina¬ 
tions of zinc and chromium oxides.^®* 
Such a combination is covered in one of 
the earliest Badische Anilin und Soda Fab- 
rik methanol patents, which claimed use 
of catalysts containing at least one of the 
hydrogenating elements—zinc—associated 
with one or more of the elements or their 
compounds—chromium—and free from the 

laestorch, H. H., U. S. Pats. 1,681,750-2 
(1928), 1,708,460, 1,738,971 (1929), 1,876,273 
(1932) 1,937,728 (1933). 

187 Audibert, E., Brit. Pat. 271,538 (1926). 

188 Plotnikov, V. A., and Kaganova, B. M., J. 
Chem. Ind. (U.8.B.R.), 7, 672-4 (1930). 

3 89 Badische Anilin und Soda Pabrik, Brit. 
Pat. 229,715 (1923). 


Many later patents claim various com¬ 
binations of zinc and chromium oxides. 
Taylor and Kistiakowsky on measuring 
absorptions of hydrogen, carbon monoxide, 
and carbon dioxide on zinc oxide and zinc 
oxide-chromic oxide at 0 and 100“ C found 
that the mixed oxide catalyst had a greater 
absorptive capacity than the zinc oxide. 
Extensive studies of methanol decomposi¬ 
tion on zinc oxide-chromic oxide catalysts 
have been made.^’®» Mixed oxides 

in the proportion of about 4 atoms of zinc 
to 1 of chromium give a catalyst that is 
more active than either zinc oxide or chro¬ 
mic oxide or any other combination of 
them in decomposing methanol into carbon 
monoxide and hydrogen. When used for 
synthesis by Cryder and Frolich^'® and 
Huffman and Dodge ^*® the catalyst of that 
composition was also most active in forma¬ 
tion of methanol from carbon monoxide 
and hydrogen. Storch,^^^ however, found 
little difference in decomposition activity 
of the pure oxides and a mixture contain- 

i40Patart, G., Brit. Pats. 247,932, 252,361 
(1925); U. S. Pats. 1,836,085 (1931), 1,859,244 
(1932). Mittasch, A.. Winkler, K., and Pier, 
M., Can. Put. 251,484 (1925) ; U. S. Pat. 1,658,- 
559 (1925). Synthetic Ammonia and Nitrates, 
Ltd., and Smith, H. Q., Brit. Pat. 275,345 
(1926). Synthetic Ammonia and Nitrates, Ltd., 
and Franklin, R. G., Brit. Pats. 290,399, 293,066 
(1926). Imperial Chemical Industries, Ltd., Fr. 
Pats. 642,318, 044,189, 689,757 (1927). Smith, 
11. G., Franklin, R. G., and Imperial Chemical 
Industries, Ltd., Brit. Pat. 316,113 (1928). 

Lazier, W. A., and Zeisberg, F. C., Brit. Pat. 
313,093 (1928). British Celanese, Ltd., Bader, 
W., and Thomas, E. B., Brit. Pat. 845,649 
(1929). Franklin, R. G., U. S. Pats. 1,774,432 
(1930), 1,878,300 (1932). Kauzner, A., Swiss 
Pat. 160,613 (1930). Ikawa, K., Japan. Pat. 
91,310 (1931). Lusby, O. W., U. S. Pat. 1,900,- 
828 (1933). Lazier, W. A., U. S. Pat. 1,984,884 
(1934). 

141 Taylor, H. 8., and Kistiakowsky, O. B., 
J. Am. Chem. Soc., 40, 2468-76 (1927). 

142 Smith, D. F., and Hawk, C. O., J. Phya. 
Chem., 32, 415-24 (1928). Cryder, D. S., and 
Frolich, P. K., ref. 116. 
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ing 90 atomic percent of zinc but a consid¬ 
erably greater synthesis activity for the 
mixture. Plotnikov and Ivanov also 
studied decomposition of methanol on a 
zinc oxide-chromic o^ride catalyst, and Kos- 
telitz^^^ has prepared a number of such 
catalysts and studied decomposition of 
methanol on them at several temperatures 
from 300 to 360® C. When using a 4 ZnO- 
Cr 203 catalyst at 250 atmospheres and 
370® C, Dolgov and Karpov had con¬ 
versions of 90 percent per pass with a to¬ 
tal yield of 63 percent of methanol. Velti- 
stova, Dolgov, and Karpov have pre¬ 
pared 8 ZnO-1.5 Cr208 and obtained a 
yield 1.2 kilograms of methanol per hour 
per liter of catp,lyst at 390 to 400® C and 
250 atmospheres. Sulfur compounds must 
be removed from the gas. 

Molstad and Dodge studied mixtures 
of zinc and chromium oxides made by am¬ 
monia precipitation from a solution of the 
mixed nitrates and found them active, 
rugged methanol catalysts. In a short- 
time test the most active was the mixed 
oxides consisting of 25 atomic percent chro¬ 
mium and 75 atomic percent zinc, but they 
found that catalysts containing more chro¬ 
mium increased in activity during tests and 
that the improvement was accelerated by 
temperatures Tip to 100® C above the maxi¬ 
mum activity temperature. They consid¬ 
ered the best catalyst for long service to 
be that containing zinc and chromium in 
equal atomic percentages, which produced 
almost pure methanol and was unaltered 
by long use at considerably above normal 

14S Plotnikov, V. A., and Ivanov, K. N., J. 
Chem. Ind. (U.8.8.R.), 6, 940-,S (1929). 

144 Kostelitz, O., Kolloid-Beihefte, 41, 58-72 
(1934). 

145 Dolgov, B. N., and Karpov, A. Z., Khim. 
TverdOQO TopUva, 8, 282-8 (1932). 

146 Veltistova, M. V., Dolgov, B. N., and Kar¬ 
pov, A. Z., J. Chem. Ind. {U.8.8.R.), 11, No. 9, 
24-82 (1984). 


operating temperatures. Their conclusion 
from the short-time tests, that the mixed 
oxides consisting of 25 atomic percent 
chromium and 75 atomic percent zinc had 
greater activity, is in agreement with the 
widely claimed necessity that zinc be in ex- 
cess,^^^ while the greater long-time activity 
they found for the catalyst with chromium 
in excess agrees with the claims in several 
patents.'^* 

Molstad and Dodge compared the activ¬ 
ity of the zinc-chromium oxide catalysts 
they prepared from trivalent chromium by 
ammonia precipitation from a solution of 
the nitrate with those prepared from hexa- 
valent chromium by other investigators 
and concluded that their catalysts were 
two to three times as active as those of 
similar composition prepared from hexa- 
valent chromium or from trivalent chro¬ 
mium by ignition of the oxalate. The 
Molstad and Dodge catalysts permitted in¬ 
let space velocities in the range of 25,000 
to 50,000 at working temperatures in the 
range of 300 to 400® C and gave conver¬ 
sions per pass of 17 to 25 percent of the 
carbon monoxide to methanol. 

Promotion of zinc oxide-chromium oxide 
catalysts has been studied by Dolgov and 

147 MittaHch, A., Winkler, K., and Pier, M., 
Can. Pat. 251,484 (1925) ; U. S. Pat. 1,658,569 
(1925). Patart, G., Brit. Pat. 252,361 (1925). 
Synthetic Ammonia and Nitrates, Ltd., and 
Smith, H. G., Brit. Pat. 275.345 (1926). Im¬ 
perial Chemical Industries, Ltd., Pr. Pat. 689,- 
757 (1927). Franklin, R. G., U. S. Pat. 1,774,- 
432 (1930). Plotnikov, V. A., and Ivanov, K. 
N., J. Chem. Ind. {U.8.8.R.), 7, 1136-45 (1930). 
Ivanov, K. I., and Gusev, V. I., ibid., 12, 1143-0 
(1935). 

148 Lazier, W. A., and Zeisberg, F. C., Brit. 
Pat. 313,093 (1928). Liisby, O. W., U. S. Pat. 
1.900,829 (1933). Lazier, W. A., U. S. Pat. 

I, 984,884 (1934). 

140 Morgan, G. T., Taylor, R., tfnd Hedley, 
T. J., ref. 38. Brown, R. L., and Galloway, A. 
E., ref. 38. Cryder, D. S., and Frolich, P. K., 

J. 8oc. Chem. Ind., 47, 176T (1928). Lazier, 
W. A., and Vaughen, J. V., ref. 128. 
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Karpinskii/*® who found that 1 percent 
of thorium dioxide, zirconium dioxide, and 
tantalum oxide were most effective in 
increasing the yield of methanol. Other 
varieties of zinc oxide-chromium oxide cat¬ 
alyst have been prepared.^*® 

It has been said that the presence of lead 
and copper in the zinc-chromium oxide cat¬ 
alyst lowers its productivity somewhat and 
that more than 1 percent of sulfide or sul¬ 
fate sulfur lowers the productivity and in¬ 
creases the amounts of esters in the prod¬ 
uct. As little as 0.1 percent of iron has 
been said to be very harmful to the cata¬ 
lyst, but ferrous oxide docs not show this 
effect.^®^ 

Formation of dimethyl ether on a zinc 
chromate catalyst was shown by Brown 
and Galloway to increase with tempera¬ 
ture to 397® C and to be favored by low 
space velocity. 

Frolich and coworkers have studied 
zinc-oxide-copper catalysts in synthesis and 
decomposition of methanol and concluded 
that maximum decomposition occurs when 
zinc oxide is present in excess. When sam- 
j)les of a catalyst containing 58.3 mole per¬ 
cent of zinc oxide and 41.7 of cupric oxide 
were reduced at progressively higher 
temperatures, it was found that, in the de¬ 
composition of methanol, the activity of 
the catalysts increased slowly with the tem¬ 
perature of reduction to a certain point 
and then fell very rapidly. These catalysts 
were found to be crystalline for all tem- 

150 Dolgov, B. N., and Karpliiskli, M. N., 
Khim. Tver dago Topliva, 8, 406-18, 550-68 
(1932). 

161 Ivanov, K. N., Kozlov, L. I., and Sofor, 
M. A., J. Chem. Ind. {U.8.S.R), 13. 406-8 
(1936). 

162 Brown, R. L., and Galloway, A. E., Jnd. 
Rng. Chem., 21, 310-3 (1929). 

163 Frolich, P. K., Fenske, M. R., and Quiggle, 
D., Ind. Eng. Chem., 20. 694-8 (1928). 

164 Nuasbaum, K., Jr., and Frolich, P. K., 
ibid., 28, 1386-9 (1931). 


peratures of reduction. Catalysts contain¬ 
ing copper and zinc in various propor¬ 
tions were made by coprecipitation of 
the hydrates, dehydration of the gel, and 
reduction with methanol vapor at 200 to 
220® C, then examined by X-rays. Every 
composition was found to be decidedly 
crystalline, possessing the characteristic 
crystal structure of the two components, 
copper and zinc oxide, but the unit cell 
sizes of each were markedly influenced by 
the size of the other. 

Zolotov and Shapiro^®® found that the 
zinc oxide-cupric oxide catalyat undergoes 
reduction at not less than 220® C, the cu¬ 
pric oxide being completely and the zinc 
oxide partly reduced. It was found that 
a-brass was formed and its zinc content 
increased with duration of contact with 
methanol. 

Kostelitz and Hiittig studied the sys¬ 
tem of zinc oxide-cupric oxide as a metha¬ 
nol decomposition catalyst and concluded 
that any combination of the oxides was 
more active than cither pure oxide. In¬ 
creased pressure in preparing catalyst pel¬ 
lets improved the selectivity of the cata¬ 
lyst for decomposition of methanol into 
hydrogen and carbon monoxide and also 
improved the mechanical properties of the 
catalyst. 

Several patents covering use of zinc ox¬ 
ide with copper or copper oxides have been 
granted.^®® Use of alloys of copper and 
zinc containing some partly reduced oxides 
of the alloy has been patented by Gabriel 

166 Frolich, P. K., Davidson, R. L., and Feuske, 
M. R., ibid., 21. 109-11 (1929). 

156 Zolotov, N. N., and Shapiro, M. I., J. Qen. 
Chem. (U.S.S.R.), 4. 679-82 (1934). 

167 Kostelitz, ()., and Hiittig, G. F., KolUnd-Z., 
67, 265-77 (1934). 

]5^ Woodruff, J. C., and Bloomfield, G., Brit. 
Pats. 271,840, 279,378 (1926) ; U. S. Pat. 1,625,- 
924 (1927). Commercial Solvents Corp., Fr. 
Pat. 635,023 (1927). 
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and Brown.^®® Schmidt and Ufer i®® have 
claimed production of methanol and other 
organic compounds by passage of an oxide 
of carbon and hydrogen over a catalyst 
containing copper 10 parts and zinc 1 part. 
Dodge has patented a highly active cat¬ 
alyst prepared by reducing copper carbon¬ 
ate admixed with zinc carbonate in the pro¬ 
portions of at least 2 atoms of zinc to 1 
atom of copper. 

Catalysts containing copper, zinc oxide, 
and chromic oxide have been extensively 
studied in Russia, and Pospekhov^®^ has 
reviewed the literature and patents dealing 
with, the use of these catalysts in synthe¬ 
sis of methanol. Dolgov ^®® reported that 
Cu 49 Zn 43 Cr 8 and Cur,oZn 4 oBiio gave 86 
and 75 percent conversion of carbon mon¬ 
oxide to methanol respectively at 360 and 
400® C. Plotnikov and Ivanov reported 
that for 91 copper, 8 zinc oxide, 1 chromic 
oxide, prepared by precipitation of hydrox¬ 
ides from a mixed solution of the salts fol¬ 
lowed by reduction, gave a catalyst that 
was active at 250® C and converted as 
much as 70 percent of the carbon monox¬ 
ide to condensate which contained about 
85 percent methanol. It has been claimed 
that, with 60 to 70 percent copper and zinc 
oxide to chromic oxide in the ratio 8:1, 
highest conversion of carbon monoxide into 
combustible liquids was obtained but that 
the quality of the products was highest at 
55 percent copper.^®® Catalysts containing 

169 Gabriel, C. L., and Brown, B. K., Can. Pat. 
271,569 (1927) ; U. S. Pat. 1,876,722 (1932). 

160 Schmidt, O., and Ufer, J., U. S. Pat. 1,- 
818,166 (1931). 

161 Dodge, B. F., U. S. Pat. 1,908,696 (1933). 

162 Pospekhov, D. A., Mem. Jnst. Chem. 
Ukrain. Acad. Bci., 5, 607-16 (1938). 

16S Dolgov, B. N., Khim. Tverdogo Toplivaj 
3, 186-204 (1982). 

164 Plotnikov, V. A., and Ivanov, K. N., J. 
Chem. Ind. {U.8.B.R.), 7, 1136-46 (1930) ; J. 
Gen. Chem. {U.B.B.R.), 1, 826-44 (1931). 

165 Plotnikov, V. A., Ivanov, K. N., and Pos* 


60 copper, 35.6 zinc oxide, 4.4 chromic 
oxide, and 16 zinc-chromic oxide, 82 cop¬ 
per with 0.15 mole percent of potassium 
hydroxide showed activity at 200® C and 
100 atmospheres and gave principally 
methanol and ethanol. At higher space 
velocities the formation of ethanol was 
favored.^®® The addition of powdered cop¬ 
per to the second of the catalysts above 
decreased its activity but improved metha¬ 
nol formation. If cupric oxide was added, 
its activity was not changed, but formation 
of higher alcohols was increased.^®^ A cop¬ 
per oxide-zinc oxide-chromic oxide catalyst, 
in the proportions 9 : 15 : 7, has been pat¬ 
ented by Karpov.’®® 

Fenske and Frolich ’®® found that a cata¬ 
lyst composed of the oxides of copper, zinc, 
and chromium in the molal ratio 49: 
43 : 8 had considerably higher activity for 
both the decomposition and the synthesis 
of methanol than any of the binary systems 
copper-zinc or chromium-zinc discussed in 
earlier papers of Frolich and coworkers. 
The catalyst at temi)eratures above 250® C 
decomposed methanol almost entirely into 
carbon monoxide and hydrogen (33 and 67 
percent). In synthesis, the catalyst was 
found to be active at low temperatures 
and to give high conversions to methanol. 
A catalyst comprising an intimate mixture 
of zinc and chromic oxides and finely di¬ 
vided free copper has been patented by 
Dodge.’^® A zinc oxide-chromic oxide-cop¬ 
per oxide mixture containing about 13 per- 

lM‘khov, D. A., J. Chem. Ind. {U.B.8.R.), 8, 119- 
20, 472-8 (1931). 

166 Pospekhov, D. A., and Shokol, A, A., Mem. 
Inst. Chem. Ukrain. Acad. Bci., 4, 206-12 (1937). 

16 T Pospekhov, D. A., J. Chem. Ind. {U.B.B.R.), 
14, 173-6 (1937). 

168 Karpov, A. Z., Buss. Pat. 47,687 (1986). 

189 Fenske, M. R., and Frolich, P. K., Ind. Eng. 
Chem., 21, 1062-6 (1929). 

ITO Dodge, B. P., U. S. Pat. 2,014,883 (1936). 
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cent FeCr has been patented by Ever- 
sole.i^i 

Smith and Hawk, *^2 the decompo¬ 

sition method, concluded that mixtures of 
the oxides of zinc and uranium and of zinc 
and vanadium would probably be good 
methanol-synthesis catalysts. A variety of 
other combinations of zinc with oxides or 
halides of other metals have been patented. 
Among these may be mentioned zinc oxide, 
3 moles, bismuth trioxide, 1 mole; zinc 
oxide with about 10 percent ferric hydrox¬ 
ide; and at least 2 mole proportions of 
zinc oxide with acidic oxides of metals such 
as basic chromates, vanadates, tungstates, 
and manganates.’^® Woodruff and Bloom¬ 
field have patented the use of zinc ox¬ 
ide, chromic oxide, or other difficultly re¬ 
ducible metal oxides with easily reducible 
oxides such as those of copper, silver, iron, 
nickel, or cobalt and with zinc chloride, 
magnesium bromide, or other metallic hal¬ 
ides. Mittasch, Pier, and Winkler have 
patented the use of mixtures of at least 
two oxides (nonreducible to metals under 
the conditions of the process) of metals be¬ 
longing to different periodic groups such 
as zinc and chromium, zinc and uranium, 
zinc and vanadium, zinc and tungsten, 
magnesium and molybdenum, or cerium 
and manganese, the more basic oxide being 
used in larger jiroportion. One of the 

iTiEversole, J. F., Can. Pat. 359,414 (1936). 

172 Smith, D. F., and Hawk, C. 0., J. Phye. 
Ghem., 32. 415-24 (1928). 

173 Henry, C., Fr. Pat. 651,194 (1926), Soc. 
franca i»e de catalyse gfinfiralis^e, Brit. Pat. 265,- 
984 (1926). Lefort, T. T., Can. Pat. 276,300 
(1927). 

174 WoodruiF, J. C., and Bloomfield, G., U. S, 
Pat. 1.608,643 (1926) ; Can. Pat. 274,912 (1927). 

i76Patart, G., Brit. Pat. 252,361 (1925). 

176 Woodruff, J. C., and Bloomfield, G., Brit. 
Pats. 271,840, 279,378 (1926) ; U. S. Pats. 1.- 
625,924-8 (1927). Commercial Solvents Corp., 
Fr. Pat. 635,023 (1927). 

177 Mittasch, A., Pier, M., and Winkler, K., 
U. S. Pat. 1,558,559 (1925). 


earlier Badische patents covered use of 
zinc oxide with an oxide of chromium, va¬ 
nadium, uranium, and tungsten, and meth¬ 
anol catalysts prepared by igniting basic 
zinc carbonate or zinc and chromium car¬ 
bonates have been patented.^^® In con¬ 
trast to the claims in the Mittasch, Pier, 
and Winkler patent mentioned, Badische 
Anilin und Soda Fabrik^®® has claimed 
methanol catalysts comprising a mixture of 
two or more metals whose oxides can be 
reduced to metal by hydrogen or carbon 
monoxide at ordinary pressures and a tem¬ 
perature below 500“ C. Suitable metals 
were copper, silver, lead, zinc, and cad¬ 
mium. 

A series of chromium catalysts for meth¬ 
anol synthesis have been covered in several 
patents by Lazier These catalysts are 
prepared by igniting a metallic chromate 
or dichroniate at 600 to 1,000“ C, by pro¬ 
longed heating to redness of mixtures of 
mebillic oxides or salts with alkali chro¬ 
mates or dichromates, or by igniting at red¬ 
ness a double chromate or dichromate of 
a metal with ammonia or an organic base. 
Chromites thus prepared of zinc, copper, 
cadmium, magnesius, manganese, silver, or 
iron, or their mixtures, were claimed to 
be suitable methanol catalysts. A chro¬ 
mium-manganese catalyst has been made 
by decomposing a mixture of chromium 
and manganese carbonates.^®^ 

178 Badlsclie Anilin und Soda Fabrik, Brit. 
Pat. 227,147 (1923). 

179 Smith, H. G., Franklin, R. G., and Im¬ 
perial Chemical InduHtries, Ltd., Brit. Pat. 316,- 
113 (1928). 

180 BudiRChe Anilin und Soda Fabrik, Brit. 
Pat. 237,030 (1924). 

181 Lazier, W. A., Brit. Pat. 272,555 (1926) ; 

U. S. Pats. 1,746,781-3 (1930), 1,829,046 

(1931) ; Can. Pat. 315,876 (1931). 

182 Smith, H. G., Franklin, R. G., and Im¬ 
perial Chemical Industries, Ltd., Brit. Pat. 316,- 
113 (1928). 
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Larson has prepared a chromium-base 
catalyst by mixing chromic acid with a 
soluble hydroxide and a salt of a heavy 
metal whose hydroxide is oxidizable by 
sexivalent chromium, such as ferrous sul¬ 
fate. 

Brown and Galloway have studied 
methanol and dimethyl ether formation on 
a catalyst containing 3 atoms of copper to 
1 of chromium, and found methanol to be 
produced in higher proportion below 
300** C. 

Kostelitz'®® has reported the prepara¬ 
tion of a series of cupric oxide-chromic 
oxide catalysts and studied decomposition 
of methanol in them at 300, 320, and 
360** C. 

It has been claimed that oxides of 
carbon can be hydrogenated at ordinary or 
slightly raised pressure and at relatively 
low temperatures, suitably 100 to 250® C, 
by means of catalysts comprising copjier 
and one or more oxides of a metal of 
groups II to VII, but according to Larson 
the equilibrium amount of methanol at 
atmospheric pressure and 200® is 0.3 per¬ 
cent, which is too low to make operation 
practical commercially. Larson further 
doubted that any catalysts are active 
enough to give approach to equilibrium at 
reasonable space velocity of gas at tem¬ 
peratures as low as 200® C. Catalysts 
comprising a mixture of an element of the 
first subgroup of the periodic system and 
a large quantity of an element of the 
eighth group preferably from the iron 
group) have been patented for use in 
preparing organic compounds, and a re- 

183 Larson, A. T., U. S. Pat. 1,908,484 (1933). 

184 Brown, R. L., and Galloway, A. E., Ind. 
Eng. Ohem., 22, 175-6 (1930). 

185 Kostelltz, O., Kolloid-Beiheftc, 41, 58-72 
(1934). 

1861 . G. Farbenlndustrie A.-G., Brit. Pat. 
308,181 (1927). 

187 I. G. Farbenlndustrie A.-Q., Brit. Pat. 317,- 
808 (1928). 


duced copper-nickel catalyst has been pat¬ 
ented for use in making gaseous mixtures 
of carbon monoxide and hydrogen by de¬ 
composition of methanol.^®® 

Fused mixtures of copper oxide and an 
oxide of manganese, tungsten, zinc, cad¬ 
mium, molybdenum, or titanium, and fused 
mixtures of copper and manganese oxides 
together with oxides of the other metals 
listed above have been patented by Lar¬ 
son as methanol catalysts. 

A catalyst containing copper and one or 
more of the elements titanium, Vanadium, 
chromium, or manganese, or brass, but free 
from iron or nickel, has been claimed to 
be active at 200° C, but this claim seems 
doubtful in view of Larson’s experience, 
quoted above. 

Another patent claims that an inti¬ 
mate mixture of at least two oxides of the 
third and fourth groups in which the ox¬ 
ides of acid character preponderate over 
those of more basic character may be used 
in addition to ordinary catalysts to reduce 
formation of secondary products. In an 
example the catalysts contain copper 60, 
manganese dioxide 55, cerite 55, and silica 
240 parts. 

Schmidt and Ufer ^®“ have patented cata¬ 
lysts consisting of compounds of titanium 
or metals of the fourth group of the peri¬ 
odic table with added activators. 

Mittasch and Pier in 1926 patented the 
use of oxides of vanadium, uranium, and 
aluminum or of metals such as copper, sil¬ 
ver, lead, or zinc when promoted by metal 
oxides or salts of the fourth to seventh 
group of the periodic system. 

i88Ever8olo, J. F., U. S. Pat 2,010,427 (1035) 

180 Larson, A. T., Can. Pat 307,671 (1931); 
TJ. S. Puts. 1,844,129, 1,844,857 (1932), 1,939,- 
708 (1933), 2,001,470 (1930). 

190 Schmidt, O., and Ufer, J., Cun. Pat 251,- 
486 (1925). 

191 DeLacotte, A. H., Fr. Pat. 885,899 (1939). 

192 Schmidt O., and Ufer, H., Ger. Pat. 608,- 
361 (1935). 
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Smith and Hawk^®* found cadmium ox¬ 
ide and chromic oxide was a good methanol 
decomposition catalyst. 

A few catalysts contain magnesium as a 
principal or important ingredient.’®* It is 
claimed to confer high mechanical stability, 
especially on catalysts of the metal oxide 
type, and amounts to about 90 percent of 
a catalyst patented by Woodruff and 
Bloomfield.’®® 

Complete absence of iron in the metha¬ 
nol catalyst or catalyst container was 
stated to be necessary in early patents,’®® 
but a few patents’®^ covering the use of 
the iron group compounds with oxides of 
other elements, such as chromium, vana¬ 
dium, tungsten, zirconium, aluminum, tita¬ 
nium, manganese, and zinc, have been 
granted; however, it is said that the pres¬ 
ence of metallic iron, cobalt, or nickel must 
be avoided. In contrast to the previous 
claim that metallic nickel must be avoided, 
nickel in the amount of 2 to 10 percent as 
metal or oxide added to irreducible oxides 
has been patented’®* for production of 
methanol from a mixture containing carbon 
monoxide, hydrogen, nitrogen, and meth¬ 
ane at 800 atmospheres pressure and 
300® C, and reducible nickel compounds, 
such as hydroxide, oxide, nitrate, oxalate, 

198 Smltb, U. F., and Hawk, C. O., J. Phy%. 
Vhem., 32, 415-24 (1928). 

194 I. Q. Farbenindustrio A.-G., Brit. Pat. 280,- 
284 (1927). 

195 Woodruff, .1. C., and Bloomfield, G., U. S. 

Pat. 1,009,593 (1926) ; Can. Pat. 274,911 

(1927). 

i96Badi8cbe Anilin und Soda Fabrik, Brit. 
Pats. 229,715 (1923), 237,030, 240,955 (1924). 
Mittasch, A., and Pier, M., Ger. Pat. 666,309 
(1923) ; U. S. Pat. 1,669,775 (1926). 

197 Badlscbe Anilin und Soda Fabrik, Brit. 
Pat. 254,760 (1925). Morgan, G. T., and Tay¬ 
lor, R., Brit. Pat., 313,061 (1928). Natta, G., 
and Faldini, M., Fr. Pat. 658,788 (1928). Pier, 
M., Wietzel, R., and Winkler, K., U. S. Pat. 
1,917,323 (1933). 

198 Compagnle de B4tbune, Brit. Pat. 275,600 
(1926) ; Fr. Pat. 633,139 (1926). 


or tartrates, are formed into tablets, then 
suitably reduced and used as methanol 
catalysts.’®® 

A catalyst containing cobalt with zinc 
and chromium oxides or zinc and manga¬ 
nese oxides or a mixture of all these oxides 
is also covered in the patent of Morgan 
and Taylor.’®’ 

An early patent 2 ®® claiming catalytic 
production of formaldehyde or methanol 
by hydrogenation of carbon monoxide or 
carbon dioxide with platinum or nickel 
catalysts has not been successfully applied. 

Lead and strontium oxides in the atom 
proportions of 1 to 3 or 4 have been pat¬ 
ented 201 as methanol catalysts. 

Tropsch and Schellenberg ^®2 had to use 
temperatures in the neighborhood of 500® C 
to decompose methanol on iron, tinned 
iron, or aluminum. Products of decompo¬ 
sition were carbon, carbon dioxide, and 
methane, in addition to carbon monoxide 
and hydrogen. 

Soluble salts of uranium, tungsten, va¬ 
nadium, zinc, beryllium, chromium, or tita¬ 
nium have been deposited on a porous sup¬ 
port, such as pumice, asbestos, charcoal, 
or activated carbon,-®* to give a methanol 
catalyst. 

Decomposition of methanol on platinum 
metals has been studied by Hiittig and 
Weissberger,*®* and production of a gas 
containing 2 parts hydrogen and 1 part 
carbon monoxide was found to be erratic 
in the early stages of use. In order of 

199 Woodruff, J. C., Brit. Pat. 279,877 (1926). 
Commercial Solvents Corp., Fr. Pat. 636,337 
(1927). 

200 Dreyfus, H., Brit. Pat. 157,047 (1917). 

201 Sbo. frangalse de catalyse g^nfiralis^e, Brit. 
Pat. 266,984 (1926). Henry, C., Pr. Pat. 651,- 
194 (1926). 

202 Tropsch, H., and Schellenberg, A., Qeg. 
Ahhandl. Kenntnis Kohle, 7. 13-4 (1922-3). 

203 Compagnie de B4thune, Brit. Pat. 274,492 
(1926) ; Fr. Pat. 632,259 (1926). 

204 Hiittig, G. P., and Weissberger, R., Siehert 
FegtHchr., 1031, 173-8. 
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decreasing activity after a steady state was 
reached were palladium, osmium, rhodium, 
ruthenium, indium, and platinum. With 
all these metals the activities were higher 
than with a zinc oxide catalyst. 

Pure zinc sulfide has been reported to 
be a methanol decomposition catalyst giv¬ 
ing 100 percent decomposition at 300 to 
375° C. By addition of 1 percent of the 
sulfides of cadmium, molybdenum, copper, 
and antimony, 100 percent decomposition 
was obtained at 300 to 325® C, but the per¬ 
centage of carbon monoxide in the gas was 
lowered. 

In a few patents, sulfides have been re¬ 
ported to be methanol-synthesis catalysts. 
Zinc sulfide alone or mixed with chromium 
oxide or other promoters has been so 
claimed.^®® Use of metal sulfides (except 
iron), especially those from the fifth and 
sixth groups of the periodic system, for 
many purposes, including methanol syn¬ 
thesis, has also been patented.^o^ In one 
of the earliest methanol patents,^®® sulfides, 
silicides, borides, phosphides, and arsenides 
of chromium, vanadium, tungsten, zirco¬ 
nium, aluminum, and titanium were men¬ 
tioned as addition agents for catalysts made 
of iron, cobalt, or nickel oxides. 

Porous carbon, preferably from wood 
charcoal, has been patented as a methanol 
catalyst by Grenier.^®® Wood charcoal or 
active carbon as an addition to catalysts 
consisting of formates of zinc or chromium 
has also been paten ted. 

205 Duli^ov, B. N., Karpinskil, M N., and 
Sillna, N. P., KMm. Tverdogo TopUva, 5, 470-4 
(1084). 

206 British Celanese, Ltd., Bader, W., and 
Thomas, B. B., Brit. Pat. 884,924 (1929). 

207 1. G. Farbenlndustrie A.-Q., Brit. Pat. 
879,385 (1932). 

208 Badische Anilin und Soda Fabrik, Brit. 
Pat 254,760 (1925). 

209 Grenier, R. J. A., Brit Pat. 271,523 
(1926). 

210 Compagnie de B4thune, Ger. Pat. 534,551 
(1927). 


Halides have been mentioned as com¬ 
ponents of methanol catalysts in numerous 
patents,2^i but the advantages conferred 
by the halides have not been disclosed. 

Alcoholates, such as those of sodium and 
cadmium, have been patented ^12 for syn¬ 
thesis of methyl formate and methanol. 

Some of the early patents*^® covered a 
great number of possible methanol cata¬ 
lysts. Among the general classes of ma¬ 
terial were metal oxides or compounds 
which are not reduced by the reaction 
gases at temperatures up to 550® C under 
pressure, but nickel, iron, and cobalt 
had to be excluded from the catalyst 
materials 

Mittasch, Pier, and Mullerpatented 
methanol catalysts consisting of metal ox¬ 
ides not reduced to metals under the con¬ 
ditions of the reaction (450® C and 200 
atmospheres pressure), such as oxides of 
alkali, alkaline earth, or earth metals con¬ 
taining no iron, nickel, or cobalt. Mixtures 
have also been patented containing 
compounds of potassium, rubidium, or 
cesium and readily reducible metal oxides 
or reduction products, such as copper, sil¬ 
ver, gold, tin, lead, bismuth, cadmium, 
thallium, and metals of the platinum 
groups, but iron, nickel, and cobalt must 
be avoided. 

Catalysts consisting of mixtures of oxides 
of metals of different groups in copper ap¬ 
paratus in the absence of iron, nickel, and 

211 Woodruff, J. C., and Bloomfield, G., Brit. 
Pat. 272,864 (1926); Can. Pat. 274,915 (1927). 
Commercial Solvents Corp., Fr. Pats. 84,861, 
644,525 (1927). Woodruff, J. C., Bloomfield, G., 
and Bannister, W. J., U. S. Pat. 1,695,447 
(1928). 

212 Scott, N. D., U. B. Pat 1,946,245 (1984). 

218 Badische Anilin und Soda Fabrik, Brit. 

Pat 229,714 (1928). 

214 Mittasch, A., Pier, M., and Miiller, C., 
Ger. Pat 544,665 (1928). 

216 Mittasch, A., and Pier, M., Ger. Pats. 628,- 
427, 636,682 (1936). 
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cobalt have been patented,examples be¬ 
ing zinc oxide ^th oxides of chromium, 
uranium, vanadium, or tungsten, magne¬ 
sium and molybdermm, Qxides, cerium and 
manganese oxides, and cadmium and chro¬ 
mium oxides. 

Potash-lime and potash-alumina catalysts 
have also been mentioned by Mittasch, 
Pier, and Muller.A whole range of 
hydrocarbons and their oxygenated deriva¬ 
tives, including methanol, was prepared on 
a catalyst consisting wholly or mainly of a 
sintered metal of the iron group, to which 
was added an alkali compound, such as 
halide or phosphate. Other activating sub¬ 
stances added in minor proportions were 
alumina, silica, compounds of copper,< tita¬ 
nium, manganese, tungsten, molybdenum, 
chromium, thorium, cerium, and zirconium 
or other rare-earth metals.^^® 

Coal tars, mineral oils, resins, and simi¬ 
lar materials have been treated with a mix¬ 
ture of hydrogen and carbon monoxide 
under high temperature and pressure in 
the presence of methanol catalysts, either 
alone or with molybdenum, tungsten, or 
chromium to give organic products among 
which are methanol and benzene.^^® Use 
of elements of the chromium or boron 
groups as methanol catalysts was patented 
in 1923.220 

The Standard Oil Development Com¬ 
pany 221 has patented the preparation of 
active catalysts of high mechanical strength 
that may be used for many purposes, in- 

216 Badlsche Anilin und Soda Fabrik, Brit. 
Pat. 227,147 (1923). 

217 Mittasch, A., Pier, M., and Muller, C., U. 
S. Pat. 1,791,608 (1931). 

218 I. G. Farbenindustrie A.-G., Brit. Pat. 500,- 
004 (1939). 

219 Krauch, C., and Pier, M., Ger. Pat. 071,606 
(1939). 

220 Ufer, H., and Schmidt, O., Ger. Pat. 665,880 
(1923). 

221 Standard Oil Development Co., Brit. Pat. 
486,178 (1988). 


eluding synthesis of methanol, by mixing 
an effective catalytic substance, which is 
preferably present in minor proportion with 
at least two other substances, one as a 
major and the other as a minor constituent, 
capable of reacting with each other to the 
exclusion of the effective catalyst to form 
a compound or solid solution having a 
melting point substantially higher than the 
reaction temperature, and then heating the 
mixture to a temperature of 1,600* F or 
higher for a time insufficient to cause sub¬ 
stantial melting. A similar type of cata¬ 
lyst has been patented by the International 
Hydrogenation Patents Company .222 

A few general methods of catalyst prep¬ 
aration have been patented,22» among 
them the preparation of balls of oxide cata¬ 
lyst by heating metal carbonates, and the 
distribution of the catalyst throughout a 
coke by mixing the catalytic substances in 
a coal-oil mixture and coking it .224 

Spent methanol catalysts such as oxides 
or oxides mixed with metals may be reacti¬ 
vated by the action of hydrogen on them 
at higher temperatures but at similar pres- 

sures.22’'’' 

Essentially the same mixture of hydro¬ 
gen and carbon monoxide can be used to 
synthesize higher alcohols and other oxy¬ 
genated derivatives by changes in catalysts, 
temperature, or relative proportions of car¬ 
bon monoxide and hydrogen. Wietzel and 
Luther 226 used a catalyst containing alka¬ 
lies and hydrogenating and dehydrogenating 
constituents in suitable proportions; for 
example, one part each of potassium car- 

222 International Hydrogenation Patents Co., 
Ltd., Fr. Pat. 818,078 (1937). 

228 Imperial Chemical Industries, Ltd., Fr. 
Pat. 672,797 (1929). 

224 Stephenson, H. P., Brit. Pat. 449,603 
(1936). 

225 British Celanese, Ltd., Bader, W., and 
Thomas, B. B., Brit. Pat. 834,261 (1929). 

226 Wietzel, R., and Luther, M., Ger. Pats. 
625,757, 628,567 (1986). 
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bonate, vanadium trioxide, and cupric 
oxide. In an addition to the patent, they 
mentioned a greater amount of hydrating 
than hydrogenating catalyst and also men¬ 
tioned use of a lower temperature for 
higher alcohol and other oxygenated com¬ 
pound formation. Cadmium chromate was 
mentioned as a suitable catalyst. Morgan, 
Hardy, and Proctor claimed higher 
yields of higher alcohols when the catalysts 
were precipitated by alkali hydroxides than 
when formed by ignition of nitrates. Their 
highest yield was given by a catalyst im¬ 
pregnated with 9.8 percent of rubidium. 
Bocharova, Dolgov, and Petrova ob- 

227 Morgan, O. T., Hardy, D. V. N., and 
Proctor, R. A., J. 80 c. Chem. Ind., 51, 1-7T 
(1032). 

228 Bocharova, E. M., Dolgov, B. N., and 
Petrova, Yu. N., J. Chem. Ind. {V. 8 . 8 .R.), 12, 
1249-55 (1035). 


tained increased yields of higher alcohols 
by means of a more alkaline catalyst. Berl 
and Bemmann 22 » found that zinc oxide 
containing alkali gave higher alcohols, acids, 
and aldehydes in contrast to principally 
methanol from alkali-free zinc oxide. 

It has been clearly demonstrated in the 
laboratories of the British Chemistry Re¬ 
search Board that extremely high pres¬ 
sure (2,500 atmospheres) does not influence 
the characteristics of the product from a 
copper-chromite methanol catalyst at 
240“ C. The products were iron carbonyl 
and methyl alcohol, the alcohol distilling 
from 64.7 to 64.9° C. 

229 Berl, E., and Bemmann, R., Z. angew. 
Chem., 44, 34-0 (1931). 

2&0 Dept. 8 ci. Ind. Research (Brit.), Chem. 
Research Board, Kept. Jor the Triennial Period 
Ending December SJ, 19S7, p. 33. 
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A.B.C. mechanical grates, 1G91-2 
Acenaphthene, from carbonization of coal, 1267 
in coal tar, 1326-7, 13H5, 1337-8 
purification, 1337 
uses, 1337-8 

Acetaldehyde, from carbonization of coal, 3358 
in ammoniacal liquor, 1385-6 
Acetamide, extraction of coal by, 735 
Acetic acid, from carbonization of coal, 1360 
from extraction of coal. 704 
from oxidation of coal, 360, 362, 368, 373, 713 
in ammoniacal liquor, 1384- 6 
synthesis, 1838 

Acetone, extraction of coal by, 704, 724, 751, 757 
extraction of peat by, <»82 
from carbonization of coal. 1359 
in ammoniacal liquor, 1383, 1385-6 
in light oil, 1147 
physical properties, 1147 
Acetonitrile, from carbonization of coal, 3360 
in ammoniacal liquor, 1386 
in coal gas, 932, 944 
in high-temperature tar, 471. 473 
in light oil, 1143, 1148 
in low-temperature tar, 471 
physical properties, 1148 
Acetophenone, extraction of <*oal by, 738, 757 
from carbonization of coal, 33(*4 
in light oil, 1148 
physical properties, 1148 
Acetylene, in coal gas, 929. 931, 939, 125.3, 1358 
reaction with ammonia, 1015 
Acid e\fraction of coal, 455 8. 592-3 
Acids, 8(6 also individual acidn 

from carbonization of c(»al, see Tar acids; 
Phenols ; etc. 

from extraction of coal, 743-7 
from oxidation of coal, 72. 360-75 
in ammoniacal liquor, 1382, 1384-6 
removal from ammoniacal liquor. 1465 
Acridine, from carbonization of coal, 1369 
in high-temperature tar, 471-3, 1320 
in peat tar, 470 
Actiflers. 984-5, 987-9 

Activated carbon, depheiiollzatlon of nrainonlacal 
liquor by, 1457-9 

for dry purification of gas. 969. 1005 

for light-oil recovery, 1005, 1160—4 

for refining light oil, 1222 

oxidation of hydrogen sulfide by, 995, 1162 

removal of ethylene from gas by, 1243 

removal of organic sulfur from gas by, 1005 


Aeration test burner, 1272 
Agglomerating value, 60, 161, 183-4, 187-8 
Agglutinating value, eee Coal, Agglutinating 
properties of 

Air-permeability method, 162, 882 

Air-sand process, 582 

Alcohol, see Methanol; Ethanol: etc. 

Alcohols, synthesis, 1797-8, 1846-68 
Algae, hydrogenation of, 1758 
in coni, 117, 119 
nitrogen in, 451 
Algal coal, see Boghead coal 
Alkacid process, 991 
Alkali, action on coal, 419-24, 481 
effect of oxidation on, 671 
Allene fioin carbonization of coal, 1358 
Allobetulinol from extraction of coal, 095 
Allyleue in coal gns, 931, 939, 1358 
Alumina, ammonia recovery with, 1057 

catalytic oxidation of hydrogen snlfide by, 995 
gas conditioning witti, 1251 
American Foundation coke oven, 794 
Ammonia, conversion to cyanogen, 1014-6 

dependence on oxygen content of yield of, 1023 
determination i)i ammoniacal llcjiior, 1469 
effect of temperature on yield of, 1295 
effect on vaporization of phenol, 1455 
from blast-furnace gas, 1031 
from carbonization under pressure, 1025 
from gasification, 1011 

from high-temperature carbonization, 473-4, 
943, 1008, 1011, 1017-24, 1358 
from hydrogenation of coal, 480, 1774 
from low-temperature carbonization, 468, 471. 
1017-9, 1358 

from Mond process, 475, 477, 1028 30 
from steaming coke, 475, 477, 483, 1025-8 
In ammoniacal liquor,,470, 943, 1371 2, 1380 
2, 1384-8, 1393 
in coal gas, 932, 942-3 
in light oil, 1162 
in producer gas, 1649 

influence of moisture on thermal decomposition 
of, 469, 474-5, 857, 1013 
oxidation by air, 1012 

partial pressure of ammoniacal liquor, 1377 
recovery from gas, 926, 975, 992-8, 1031 80 
as ammonium carbonates, 1074-5, 1403-6 
as ammonium chloride, 1075, 1406-9 
as ammonium humates, 1055 
as ammonium nitrate, 1077-8 
as ammonium phosphates, 1072-4, 1410 
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Ixviii 

Ammonia, recovery from gas, as ammonium salts 
by double decomposition, 1055-6 
as ammonium sulfate, 1042-60, 1393-4, 
1409-10 

by absorption refrigeration, 1041 
by washing with water under pressure, 1042 
direct process of, 1038-6, 1039-40, 1373, 
1376, 1394 

economics of, 1079-80 

indirect process of, 1032-4, 1039-41, 1373, 
1876-7, 1889, 1394-5 

semi-direct process of, 1033-6, 1039-40, 
1878, 1876, 1394 
steam consumption in, 1086 
use of base-exchange materials for, 1057 
use of gypsum for, 1067-60 
recovery from spent oxide, 1078-9 
simultaneous recovery of sulfur and, 1060-72 
synthesis, production of gas for, 1718-21 
thermal stability, 1011-4 
toxicity, 1417 

Ammonia saturators, 1088, 1042-3, 1121, 1394-5 
thermal equilibrium in, 1044 
Ammonia stills, 1037, 1890-2, 1396, 1899, 1401-2 
Ammoniacal liquor, 1371-481; see also Ammonia 
and ammonium salts 

ammonia in, 470, 982, 1020, 1032-8, 1371, 1893 
ammonium bicarbonate from, 1872 
analyses of crude ammonia liquor from, 1899- 
400 

as a fertilizer, 1411-2 

biological purification of, 1872-3, 1419-20, 
1426-87 

chemical precipltants for purification of, 1467- 
8 

composition, 1379-87 

corrosion by, 1378, 1388-9 

crude ammonia liquor from, 1395-7 

crystallization of salts from concentrated, 1397 

cyanogen in, 1094 

decarbonation, 1397-9, 1402 

dcphenollzatlon, 1872-3, 1442-62 

by precipitation with lead salts, 1460-1 
by treatment with formaldehyde, 1462 
by treatment with halogens, 1461 
by vaporization, 1452-7 
Heffncr-Tlddy process for, 1454-5 
Koppers vnpor-reoirculatlon process for, 
1462-4 

with activated carbon, 1467-9 
with benzene, 1442-9 
with miscellaneous solvents, 1451-2 
with solid adsorbents, 1467-9 
with tar bases and benzene, 1448-9 
with tricresyl phosphate. 1449-51 
discharge into ground, 1420-1 
discharge into streams, 1413-20 
distillation, 1389-94, 1400-1, 1406 
elTect of coal moisture on yield of, 856-7, 1378 
effect of oxidation of coal on yield of, 860-1 
effect of oxidation on, 1387-8 


Ammoniacal liquor, effect of temperature on 
yield of, 1295-6, 1299-301, 1378 
evaporation of, 1423-4 
for washing ammonium sulfate, 1048-9 
hydrocyanic acid in, 943 
hydrogen sulfide in, 944 
loss of ammonia by evaporation of, 1388, 1403 
methods for improvement in production, 1437- 
42 

methods of analysis of, 1468-81 
oxidation of, 1465-7 

oxygen absorption by, 1380-1, 1885-6, 1398, 
1399-400, 1407-8, 1416-6 
phosphorus compounds in, 1381 
production of ammonium salts from, 1403-10 
production of concentrated ammonia liquor 
from, 1394-403 

pure ammonia liquor from, 1401-3 

purification in sewage plants, 1425-37 

pyridine in, 944, 1126-7 

quenching of coke with, 1372-3, 1421-3 

recovery of ammonium chloride from, 1075-6 

recovery of cyanides from, 1463-4 

recovery of thiocyanates from, 1462 

removal of hydrogen sulfide from, 1464-6 

removal of organic acids from, 1465 

sources, 1378-7 

specific heat, 1389 

still waste from, 1392-8 

stream pollution by, 1371-3, 1413-20 

sulfur balance in, 1383 

toxicity to fish, 1416-9 

typical analyses, 1380-5 

utilization, 1410-3 

volumes produced in ammonia-recovery sys¬ 
tems, 1032-41, 1378-9 
Ammoniation, of peat, 1055 
of superphosphate, 1072-4 
Ammonium acetate in ammoniacal liquor, 1879 
Ammonium bicarbonate, equilibrium constant of 
formation of, 1404 

from ammoniacal liquor, 1372, 1403-6 
in ammoniacal liquor, 1379, 1382, 1386 
uses, 1403 
volatility, 1406 

Ammonium bisulfite, in liquid purification of gas, 
993, 996 

oxidation to sulfate, 1066-7 
Ammonium carbonates, formation in ammonia 
recovery, 1041, 1074-6, 1405 
from carbonization of coal, 1309 
in ammoniacal liquor, 1379-82, 1886, 1388, 
1393 

in gypsum process of ammonium sulfate re 
covery, 1067-9 

Ammonium chloride, corrosion of tar stills b>. 
1079 

effects on ammonia recovery, 1034-6 
from ammoniacal liquor, 1372, 1406-9 
from carbonization of coal, 1370 
In ammoniacal liquor, 1379-82, 1384 
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Ammonium chloride, production from ammonium 
sulfate, 1076-7 
purification, 1407-8 

recovery in direct ammonia-recovery procetsses 
1075 
uses, 1077 

yield of, on carbonization of coal, 1075 

Ammonium cyanate from carbonization of coal, 
1859 

Ammonium cyanide in ammoniacal liquor, 1379- 
81, 1385, 1387-8, 1393 

Ammonium ferrocyanide in ammoniacal liquor, 
1379-80, 1388 

Ammonium hiimateB from ammonia recovery, 
1056 

Ainnionium hydrosulfidc in ammoniacal liquor, 
1379 

Ammonium hydroxide extraction of i)eat, 684 

Ammonium nitrate, production in ammonia re¬ 
covery, 1077-8 

Ammonium phosphates, formation in ammonia 
recovery, 1072-4 
from ammoniacal liquor, 1410 

Ammonium polysulflde in umm<»niacal liquor, 
1379, 1387 

Ammonium sulfate, acidity, 1046-8, 1052-3 
eakinj:, 1046-7, 1126 
centrifuges for, 1045- 6 
eolor, 1046, 1048 51 
eoinmercial yields, 1021, 1031 
eontinuous recovery, 1044 
eontrol of crystnllizatlon of, 1043, 1051 
effect of rate of heating on yield of, 843 7 
effect of sodium sulfate in, 1054 
effect of steaming on yield of. 1027-30 
effect of temperature on j ield of, 469, 471, 
841, 843-7, 1018 

from ammoniacal liquor, 1372, 1109 10 
from ethyl sulfuric acid, 1054-5 
from niter cake, 1063-5 
bygroscopicity, 1047 
in ammoniacal liquor, 1372, 1400 10 
moisture content, 1046-8 
neutralization of acidity in, 1048 50 
odor. 1046, 1126 

production of ammonium cliloride from, 1076-7 
production of ammonium nitrate from, 1077-8 
production tn United States, 1081 
Pyridine in. 1046-7, 1062, 1126 
recovery from gas, 992-7, 1042-55, 1057-72 
saturators for, 1038, 1042 3, 1121, 1394-5 
size and shape of crystals of, 1042-3, 1047-8, 
1051-3 

solubility, 1043-4 
toxicity, 1417 

Ammonium sulfide, from ammoniacal licpjor, 1410 
from carbonization of coal, 1359 
in ammoniacal liquor, 1379-83, 1385, 1387-8, 
1393 

Ammonium sulfite, formation in liquid purifica¬ 
tion of gas, 993, 996, 1063-4 


Ixix 

Ammonium sulfite, from ammoniacal liquor, 1872 
in ammoniacal liquor, 1879-80, 1385 
oxidation to sulfate, 970, 993, 997, 1064-7 
solubility, 1065 

vapor pressures of aqueous solutions of, 1066 
Ammonium thiocyanate, conversion to sulfate, 
1069-70 

for purification of ammonia, 1399 
formation m liquid purification of gas, 978, 
976, 984-5, 995, 1068-9, 1110 
from ammoniacal liquor, 1410 
from carbonization of coal, 1368 
in ammoniacal liquor, 1879-81, 1888, 1885, 
1387-8, 1898 
toxicity, 1417 

Ammonium thiosulfate, from ammoniacal liquor, 
1410 

In ammoniacal liquor, 1379-83, 1385, 1887-8, 
1303 

Amylenes, in light oil, 1139, 1141-2 
influence on benzol-refining, 1202 
removal from light oil. 1201 
Aniline, extraction of coal by, 727, 784-6, 788, 
741, 740-7, 751, 755 
from carbonization of coal, 1363 
from hydrogenation of coal, 479, 1779 
in ammoniacal liquor, 470, 1884 
in coal gas, 1131 
in high-temperature tar, 471, 473 
in low-temperature tar, 470-1 
In peat tar, 470 

o Anlsidine, extraction of coal by, 736 
Anisole, extraction of coal by, 738 
Anthracene, effect of temperature on yield of, 
1300 

extraction of coal by, 732, 735, 765 
from carbonization of coal, 1868 
from coal extracts, 743 
from hydrogenation of cool, 1780 
in coal tar, 1326-7, 1333-6 
purification, 1334-6 
uses, 1333 

Anthracene oil, comimsitlon, 1326 

extraction of coal by, 69, 704, 711, 761 
in coal tar, 1326 

Anthracite for blue-gas manufacture, 1709-10 
Anthracoke process, 859 
Anlhrakoxen, 742 

Anlhraxylon, 6-7, 10, 27-30, 33-4, 87, 128 
hydrogenation, 387-91, 401, 1758 
mineral matter in, 489, 493 
Antimony pentachloride, action on coni, 345 
Apatite, 23, 487-8 

Aqueous liquor, see Ammoniacal liquor 
Arubinose from extraction of peat, 686 
Aromatic acids, see Benzenoid acids 
Arsenic in coal pyrites, 439 
Ash, see Coal ash 

Attrltus, 7, 11, 27, 29-31, 38, 87, 109 
opaque, 6, 29-80, 38-4, 88, 102 
hydrogenation of, 387-91, 895, 1758 
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AttritaB, trauBlucent, 29-30, 83, 88 
hydrogenation of, 887-91, 1758 
Augite, 28, 488 

Available hydrogen, 42, 47, 55 
A.V.G. producer, 872 
Azulene from carbonization of coal, 1361 

Bacteria, in coal formation, 9, 11 
in dry purification of gaB, 966 
nitrogen in, 451 

oxidation of hydrocyanic acid by, 1123 
BalchaHchite, 702 
Barite, 578, 581 

Barrett tar-recovery proceHS, 1320-1 
Barvoys procoHs, 678, 681 

BaHe-exchaiige materials, for ammonia recovery, 
1057 

for pyridine recovery, 1057 
from coal, 359 
in coal formation, 10 

Bases, see also Tar bases and individual bases 
from acid extraction of coal, 455-8 
from carbonization of coal, see Tar bases; Am¬ 
monia ; Pyridine; etc. 
from hydrogenation of coal, 379, 479-80 
from petroleum, 461-6, 475 
from solvent extraction of coal, 458-9, 744-5, 
747 

from vacuum distillation of coal, 459-61, 467 
In ammoniacal liquor, 470 
in light on, 1148 
in peat tar, 470 

in vacuum tar, 459-60, 763-4, 771 
Baum jig, 575-6 
Baur’s fuel cell, 1677 
Becker coke oven, 794, 796, 800-4 
Bella y producer, 16G8-9 
Benesh steam-decomposition meter, 1707 
Benzaldehyde, extraction of coal by, 733, 738 
in ammoniacal liquor, 1386 
1,2-Benzanthracene from carbonization of coal, 
1370 

Benzene, see also Benzol 

efPeet of coal moisture on yield of, 857 
extraction of coal by, 690-2, 699, 701-6, 
710-7, 721-30, 733, 737, 739, 741-6, 756, 
767-9 

extraction of peat by, 678, 682-3, 689 
for dephenolization of ammoniacal liquor, 
1442-9 

from carbonization of coal, 1369 
from hydrogenation of coal, 1769, 1779-80, 
1783-4 

from hydrogenation of tar, 1790 
in coal gas, 931, 940 
In coal tar, 1325-7 

in light oil, 940, 1136, 1141, 1143, 1146, 
1326-6 

effect of temperature on yield of, 1295 
physical properties, 1146 
recovery from gas, 926 


Benzene, synthesis, 1798 
toxicity, 1418 
uses, 1138, 1328-9 

Benzenecarboxylic acids, from oxidation of coal, 
368-8, 372, 876, 714 
hydrogenolysis, 416 

Benzenepentacarboxylic acid from oxidation of 
coal, 860, 363, 366-6, 369, 872-4 
Benzerythrene from carbonization of coal, 1370 
4,5-Benzlndan from carbonization of coal, 1368 
Benzine, see Petroleum distillates 
Benzenoid acids, see also individual acids 
from oxidation of coal, 367-8 
nitrogen in, 478 

Benzocarbazole in high-temperature tar, 473 
2,3-Benzocarbazole, from carbonization of coal, 
1370 

in high-temperature tar, 472 

1.2- and 2,3-Benzofiuorene from carbonization of 

coal, 1370 

Benzoic acid, extraction of coal by, 738 
from carbonization of coal, 1366 
from oxidation of coal, 365-7 
in coal tar, 1327 

Benzol, see also Benzene; Light oil 
commercial grades, 1150-2 
composition, 1141 

preparation of thiophene-free, 1144, 1228-31 
production statistics, 1138-9 
purification by crystallization, 1212, 1225 
removal of parafSns from, 1212 
solid adsorbents for refining, 1221 
uses, 1150, 1152 

1.2- Benzonaphthacenc from carbonization of coal, 

1370 

Benzonitrile, in high-temperature tar, 471, 473, 
1363 

in light oil, 1148 
physical properties, 1148 
1,12-Benzoperylene from hydrogenation of coal, 
383, 1780 

Benzophenone, extraction of coal by, 757 

1.2- and 4,6-Benzopyrene from carbonization of 

coal, 1370 

Benzoquinone from oxidation of coal, 360 
1,9-Benzoxanthene from carbonization of coal, 
1370 

Benzylquinoline in peat tar, 470 
Berengelite, 742 

Bergius process, see Hydrogenation of coal 
Bethlehem tester, 264, 266 
Betuliiiol from extraction of coal, 095 
Biological inirification of ammoniacal liquor, 
1372-3, 1419-20, 1425-37 
Biotite, 23, 488 

Biphenyl, extraction of coal by, 732, 738 
from carbonization of coal, 1366 
from extraction of coal, 713 
Bitumens, see also Coal resins 
formation of, 11-2, 716-6 
from extraction of coal, 678, 690-4, 715 
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Bitumens, from extraction of peat, 679-89 
hydrogenation of, 391--4 
vacuum distillation of, 764 
Bituminol from extraction of coal, 699 
Bituminous coal for blue-gas manufacture, 1712- 
4 

Blast-furnace coke, see Coke; Blast-furnace 
operation 

Blast-furnace operation, 864-71 
effect of ash in coke on, 587 
effect of sulfur in coke on, 448-9 
evaluation of coke for, 865-71, 888, 890, 894. 
915 

Blending of coals, effect on coke strength, 908-9 
effect on plastic properties, 169, 106, 210-1, 
216-9, 257, 281, 288-92 
effect on yields of carbonization products, 843 
with inerts, 909-12 
Blue band in Illinois No. 6 Seam, 485 
Blue gas, 1673 ; see afso Water gas; Water-gas 
production 
Blue salt, 1048, 1050 
Boghead cool, 30, 35, 69, 89-90, 119 
hydrogenation of, 386 
origin of, 4, 21-2, 37 
solvent extraction of, 678, 702-4 
Boiler tubes, slagging of, 561-6, 571, 1496, 1662 
Bombiccite, 693 

Borax as flux for coal-ash slag, 632, 554 
Boric acid, effect on plastic properties of coal, 
219, 254, 258-9 

Boudouard reaction, 1587, 1597-603 
Brandt producer, 1667 

Briquetting of coal, effect of moisture In, 623-6 
Bromination of coal, 338-44 
Bromobenzene, extraction of coal by, 738 
Bromoform, extraction of coal by, 738 
Brunck process, 1034, 1075 
B.S.I. swelling index, 186-7 

Biibiag-Didier producer, 1635, 1645, 1647, 1839; 

see also DIdier producer 
Bueb process, 1097, 1103-6 

Bulk density of coal, 315, 619-22, 778. 852-5, 
907 

Bunsen burner, 1265-71 

Bnrkhelser process, 442, 970, 993, 997, 1003-5, 
1113 

Butadiene in coal gas, 931, 941 
1,3-Butadiene, from carbonization of coal, 1368 
in coal gas, 929 
in light oil, 1142, 1147 
physical properties, 1147 
Butane, in coal gas, 929, 931, 938, 1253 
synthesis, 1798 

w-Butane, from carbonization of coal, 1358 
in coal gas, 929, 931, 938 
a-Butanol, extraction of coal by, 737 
extraction of peat by, 682 
n-Butene, see Butylene 
Butene-1, from carbonization of coal, 1358 
in light oil, 1142, 1147 
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Butene-l, physical properties. 1147 
Butene-2 from carbonization of coal, 1358 
n-Butylacetate, extraction of peat by, 682 
Butylacetylene from carbonization of coal, 1360 
Butylene, in coal gas, 929, 931, 939, 1263 
synthesis, 1798 

Butyno-2, in light oil, 1142, 1147 
physical properties, 1147 
Butyric acid, from oxidation of coal, 360 
synthesis, 1838 

n-Butyric acid, from carbonization of coal, 1302 
in ammoniacal liquor, 1384, 1386 

Calcite, 23, 485, 487-9, 494-5, 572-3 
Calcium carbonate, see Calcite; Lime 
Calcium chloride, addition to coal for carboniza¬ 
tion, 1024 

for coal cleaning, 580-1 
for dustprooflng coal, 598 
for gas conditioning, 1251 
Calcium forrocyanide, production from coke-oven 
gas. 1101-3, 1105 

Calorific value of coal, see Coal, calorific value of 
Cambria coke oven, 794 
Cannel coal, 30, 36, 89- 90, 119 
chlorination, 337, 344-5 
hydrogenation, 389, 891, 394, 1759 
Index of refraction of, 380 
origin of, 4 14, 21-2 
petrographic composition, 32, 86-7 
rate of oxidation, 638, 640-8 
resistance to crushing, 153 
scratch hardness, 145 
specific heat, 325 
thermal conductivity, 323 
Caproic acid from oxidation of coal, 361 
Carbazole, from carbonization of coal, 1369 
from hydrogenation of coal, 383, 1780 
in coal tar, 1326-7, 1354-7 
in high-temperature tar, 471-3 
in peat tar, 470 
purification of, 1355-6 
uses, 1356-7 

Carboceric acid from extrnetlon of coal. 699 

Carbocite process, 859 ; see also Wisner process 

Carbohumin, 4 

Cnrbolux process, 859 

Carbon, as anode In fuel cells, 1570-3 

as catalyst in the water-gas reaction, 1603 
as cathode in fuel cells, 1583-4 
deposition in coke ovens, 856 
hydrogenation, 1607 

mechanism of combustion, 1501—3, 1516—9, 

1589-94, 1603-6 

mechanism of gasification, 1587—610 
kinetic data, 1589-603 
thermodynamic data, 1587-9, 1606—7 
Carbon dioxide in coal gas, 927-31, 936, 1253, 
1358 

Carbon disulfide, absorption from gas by wash 
oil, 1004 
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Carbon disulfide, analysis of gas for, 964 
catalytic removal from hydrogen, 1816-7 
extraction of coal by, 721, 738, 766 
from carbonisation of coal, 1369 
in coal gas, 932, 944-60 
in light oil, 445, 1139, 1141-2, 1149, 1162 
in producer gas, 1648 
physical properties, 1002, 1142, 1149 
Carbon monoxide, hydrogenation of, see Hydro¬ 
carbon synthesis 

in coal gas, 927, 929-31, 934-6, 1253, 1357 
removal from coal gas, 1247-8 
Carbon nitrides, 481-2 
Carbon oxysulfide, analysis of gas for, 964 
in coal gas, 932, 945-7, 949-60 
in light oil. 1142, 1149 
physical properties, 1002, 1142, 1149 
Carbon ratio, 60 

Carbon tetrachloride, extraction of coni by, 721, 
738 

extraction of peat by, 682 
Carbonization of coal, see also Coke; Coke ovens; 
Tar; etc. 

behavior of coal nitrogen in, 467-77, 1008, 
1010-22 

behavior of coal sulfur in, 444-8 
composition of gas from, 927-46 
distribution of products resulting from, 1316 
effect of adding inorganic compounds on, 1024, 
1075 

effect of applied pressure on, 278-80, 909 
effect of moisture on, 628, 822, 848, 860-7 
effect of oxidation on, 662-8, 813-4, 854, 859- 
62 

electrical, 820, 774, 811-2 
exothermic heat of, 822-5, 848 60 
factors affecting yields in, 834-8, 857, 1294- 
808 

formation of gas in, 921-3 
formation of sulfur compounds during, 960 
heat required for, 818-25, 849-50 
industrial, 774-833 

low-temperature, 774-5, 812-4, 1302-4 
mechanism of formation of light oil during, 
1164-6 

mid-temperature, 775 
ovens for, 774—818 
preheating and, 668, 889-40, 848-69 
preoxidation and, 668, 813-6, 859-62 
sulfur balance In, 948-9 
United States capacity for, 794 
Carbonyl sulfide, see Carbon oxysulfide 
Carius method, 431 
Caro’s acid, action on coal of, 360 
Carotin from extraction of peat, 685 
C.A.S. process, 442, 994-6, 1069-70 
Catalysts, for absorption of ethylene by sulfuric 
acid, 1243 

for ammonia decomposition, 1011-2, 1079 
for ammonia-hydrocyanic acid reaction, 1014-5, 
1081, 1122 


Catalysts, for combustion of carbon, 1603-6 
for combustion of coal, 668-71, 1520 
for combustion of coke, 914, 917-9, 1606-6, 
1684 

for conversion of organic sulfur in gas to 
hydrogen sulfide, 1006-7, 1815-7 
for conversion of organic sulfur in gas to 
sulfur dioxide, 1006-7, 1816 
for conversion of tar bases to pyridine, 1185 
for dehydration of alcohols, 1846 
for dehydrogenation of alcohols, 1846 
for dry purification of gas, 965, 969 
for Fischer-Tropsch process, 1797-801, 1818- 
24 

for hydrogenation of coal, 1751-3, 1755, 1701- 
76 

for hydrogenation of tar, 1767-72, 1785, 1788- 
90 

for hydrolysis of ethylsulfuric acid, 1245 
for liquid purification of gas, 972 -3, 995, 098, 
1063, 1005-7, 1070-1 

for methanol synthesis, 1846-7, 1851, 1850-68 
for oxidation of carbon monoxide, 1248 
for oxidation of methane, 1812-4, 1852 
for oxidation of organic sulfur in gas, 1000 -7, 
1816 

for oxidation of paraffin, 1839 
for steam-carbon reaction, 1702-3 
for synthesis of hydrocarbons, 1797-801, 1818- 
24 

for water-gas reaction, 1003, 1006, 1814 5 
Catechol, extraction of coal by, 738 
from alkali-fusion of coal, 410-20 
from carbonization of coal, 1366 
from extraction of coal, 713 
in ammonia cal liquor, 1382-0 
precipitation by lead salts, 14(50 1 
Catechuic acid from alkali-fusion of coal, 420 
Cellulose, aromatization, 367 
benzene extraction, 683 
hydrogenation, 397 
in coal formation, 10 2 
in peat, 685 
oxidation, 360 
Cenospheres, 1550-1 

Ceryl alcohol from extraction of coal, 008 

Cetyl alcohol, extraction of coal by, 737 

CGB producer, 1667 

Chance cone, 579 

Chance process, 678, 581 

Chapman producer, 1657, 1665 

Charhon roux, 41 

Chloranil from oxidation of coal, 360 
Chlorates, action on coal, 359-00 
Chlorides In coal, 1075, 1881 
damage to refractories by, 688 
removal by coal cleaning, 572, 686 
Chlorination of coal, by antimony pentachlorido, 
345 

by aqueous chlorine, 837 
by gaseous chlorine, 344-5 
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Chlorine dioxide, action on coal, 860 
Chlorite, 28, 488, 505 

Chlorobenzene, extraction o£ coal by, 721, 738 
Chloroform, extraction of coal by, 704, 721, 727 
764, 768 

extraction of peat by, G82 
fractionation of pyridine extracts with, 748-9, 
764 

p-Chlorophenol, extraction of coal by, 738 
Chlorophyll, in coal, 458-4 
in peat, 685 

p-Chlorotoluene, extraction of coal by, 737 
Chromates, action on coal, 859 
Chromatographic adsorption, of coal extracts, 
714-6 

of tars, 1334, 1341-2 
Chrysene, from carbonization of coal, 1370 
from extraction of coal, 742 
from hydrogenation of coal, 382, 1780 
in coal tar, 1340-1 
purification, 1341-2 
uses, 1342 

Clarain, 6, 10, 14, 22-3, 29, 88, 93-4, 97, 102, 
116 

ash composition, 490, 493 
electrical conductivity, 320 
friability, 160-1 
halogen absorption by, 342 
hydrogenation, 387 
mineral matter in, 489 
rate of oxidation of, 350, 652-3 
solvent extraction of, 727, 754-6 
Clarlnite, 97 
Clarit, see Clarain 
Classification of coal, 25-85 

American standard specificntlons for, 56-62 

Ashley’s system, 52 

A.S T.M. specifications for, 56-62 

by adsorptive properties, 70-1, 763 

by alkali extraction, 69-70 

by banded structure, 27-32 

by Bituminous Coal Acts, 81-2 

by carbon-to-hydrogen ratio, 46-8, 52-3, 70 

by carbon-to-oxygen ratio, 46-9 

by carbon ratio, 50 

by color, 73 

by District Selling Agencies, 82 

by fuel ratio, 60-1 

by gas yield for anthracite, 63 

by geologic age, 26 

by grade, 74-5 

by hydrogenation, 73 

by hydrogen-to-oxygen ratio, 41, 46-8 

by National Recovery Administration, 80-1 

by proximate analysis, 60-4 

and calorific value, 54-62, 143-4 
by rank, 88-41, 66-62 
by reflectivity, 73-4 
by size, 82-3 

by smoke-producing tendencies, 76 
by softening characteristics, 236 
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Classification of coal, by solvent extraction, 66, 
748 

by subtypes, 34, 89 
by Tidewater Coal Exchanges, 80 
by type, 25, 36, 46, 62, 88-9, 100 
by ultimate analysis, 41-51 
by use, 75-9 
by wet oxidation, 71-2 
Campbell’s system, 61-2 
commercial, 79-84 
for coke production, 77-9 
for gas manufacture, 77 
for steam generation. 76 
graphic correlation of systems of, 63-4 
Gruner and Bousquet’s system, 41-2 
in Canada, 84 
in other countries, 84 5 
isocaloriflc values in, 46 
isovolatile values in, 46 
Regnault’s system, 41 
Seyler’s system, 42-5 
Claus process, 441 
Cleaning of coal, 672 00 

acid extraction processjw for, 455-8, 692-3 

classifieation of processes for, 674 

difilcultles in, 574 

effects on utilization, 686-8 

extent of. In United States, 572 

for reduction of sulfur, 448-9 

froth-flotatAon processes for, 682-3, 688-91 

heavy-medium processes for, 678-82 

impurities removal by, 572-4 

jigs for, 675-6 

launders for, 675-7 

mechanisms Involved In, 683-6, 623 

performance of processes for, 683-6 

pneumatic processes for, 582 

Rheolaveur process for, 675-7 

upward-current classifier for, 570 

wet tables for, 582 

Clinker, ash fusibility as an index of trouble 
from, 496, 624-7, 541 
effect of coking properties of coal on, 668 
effect of inorganic additions to coal on, 565, 
568 

effect of pyrite on, 566-8 
effect of sulfur on, 666- 8 

formation in blue-gas generators, 1687-8, 1713 
formation in domestic stokers, 1493 
formation in gas producers, 1636, 1667 
formation on grates, 648-64, 1497 
viscosity of slags and*formation of, 529 
Coal, abrasiveness, 146 

acid extraction, 465-8, 692-3 
action of solvents on, are Solvent extraction of 
coal 

adsorptive properties, see also Oxidation of 
coal 

for pyridine, 176 
use in classification, 70-1 
agglomerating properties, 183—4, 187—8 
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Coal, agglomerating properties, definition of, 161, 
188 

use in classification, 60, 188-4 
agglutinating properties, 176-81, 267 
definition, 161, 188 
effect of oxidation on, 668-9, 860 
methods of test for, 176-80 
significance, 180-1, 207 
use in classification, 78 
algae in, 117, 119 
alkali extraction of, 69 
artificial, 12 

attrital, see Attritus; Boghead coal; Cannel 
coal 

banded, 6, 7-9, 85-6, 89-90 
bark in, 117 
block, 31 

boghead, see Boghead coal 
bright, 6-8, 29, 83-4, 89-90, 101 
bromination, 338-44 

bulk density, 316, 619-22, 778, 852-5, 907 
calorific value, 132-44 
accuracy of, 66 

as basis for coal classification, 143-4 

calculation from analysis, 138-43 

change during storage in, 630-1, 633, 635 

constancy of, 141-2 

effect of oxidation on, 669-70 

gross, 132 

methods for determination, 134-8 
net, 182 

cannel, see Cannel coal 
carbonization, see Carbonization of coal 
chemical constitution, as determined by halo- 
genation reactions, 337-45, 480-1 
as determined by hydrolytic reactions, 418- 
25, 481 

as determined by oxidation reactions, 346- 
76, 478-9 

as determined by reduction reactions, 377- 
417, 479-80 

chlorinntion, 337, 344-5 
elasHification, sec Classification of coal 
cleaning, see Cleaning of coal 
combustion, see Combustion of coal 
I'ommereial varieties, 35-6 
components, sec Coal types 
compressive strength, 146-8 
conductivity, electrical, 315-20 
thermal, 320-3, 853-4 
crushing, energy required for, 152-8 
crushing strength, 146-8 
cuticles in, 110-1, 116 
decomposition temperature, 766-6 
definition, 2, 25 
density, 310-5 
dielectric constant, 602 
dull, 6-6, 29, 101 
dustproofing, 598-9, 623 
electrical conductivity, 315-20 
electrical resistivity, 74, 315-20 


Coal, expansion, see Expansion and expansion 
pressure of coal 

extraction, see Acid extraction of coal; Sol¬ 
vent extraction of coal 
formation, see Formation of coal 
friability, 61, 73, 83, 148-51, 672 
A.S.T.M. drop-shatter test, 148-9 
A.S.T.M. tumbler test, 148 
dependence on petrographic composition, 151 
dependence on rank, 149-50 
fungi in, 117, 119, 121-2 
geologic age, 26 
grindability, 73, 83. 151-9 
dependence on coal size, 157 
dependence on petrographic composition, 
3 56-7 

dependence on rank, 155 
effect of impurities on, 155 
effect on pulverizer capacity, 157-9 
infiuence of moisture on, 620 
methods of estimation of, 151-5 
H value, 64 

halogcnation, 337-45, 480-1 
hardness, 145-6 
heat capacity, 323-6, 608 
holidays in, 495 
horsebacks in, 495 
humic, 7, 11, 69, 89-90 
hydrogenation, see Hydrogenation of coal 
hydrolysis, 418-25, 481 
hygroseopicity, «ce Moisture in coal 
ignition, see Ignition of coal; Spontaneous 
combustion of coal 
index of reflection, 326-7 
index of refraction, 327-31 
iodine number, 340 
leaf, 90 
lignitous, 44 
luster, 74, 327 
nmcroelastic, 102 

megascopic constituents, see Coal types 
meta-bitumlnouB, 44 
microelastie, 102 

microscopic investigation, 4, 102-6 
modulus of elasticity, 347 
moisture in, see Moisture in coal 
nitrogen in, ste Nitrogen in coal 
nonbanded, 90 

normal banded, 5, 7-9, 35-6, 89-90 
opaque matter in, 119, 121-2, 125 
origin, sec Formation of coal 
ortho-bituminous, 44 
oxidation, see Oxidation of coal 
paper, 90 

para-bituminous, 44 
perbituminous, 44 
perlignitous, 44 

permanganate reactivity index, 2, 3 
permeability to gases, 656 
per-meta-bituminous, 44 
per-ortho-bituminous, 44 
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Coal, per-para-bltuminous, 44 
petrographic composition of United States*, 
81-2 

plant structures in, 4, 9-11, 10, 20-7, 29-30 
116-28 

plastic properties, 163-309 

absolute methods of test, 105-70 
classification of methods of test, 164-5 
comparison of methods of test, 301-4 
definitions, 161-2, 229 

dependence on petrographic composition, 
170-1, 173-4, 181-2, 213-4, 216, 218, 

223- 4, 257, 291, 293, 302, 304 
dependence on rank, 170, 181-2, 200, 210, 

214, 216-7, 222, 224, 234, 239, 302, 304 
development of, by action of alkali. 423 
dila tome ter method of test, 189-99 
direct observation method of lest. 170-6 
effect of additions of boric acid on, 219, 254, 
258-9 

effect of adsorption of pjridine vapor on, 
219, 268 

effect of ash on, 194-5 

effect of blending on, 169, 196, 210 1, 216 9, 
257, 281, 288-92 
effect of extraction on, 220 
effect of grain size on, 216 6, 219-20, 296 
effect of oxidation on, 173, 180. 190, 196. 
200, 206-8, 211-2, 216, 219, 222-7, 

292-4, 669, 854 

effect of preheating on, 107, 206 8, 211 2, 
216, 219, 223, 840, 856-7 
effect of rate of heating on. 169-71, 181, 
197, 206-8, 211-2, 214-6, 219-20, 222. 

224- 5, 230 3. 291-2, 296. 835 
expansion pressure method of test. 240-80 
extrusion method of test. 234-40 
fluidity of plastic layer, 240, 287, 295 
Foxwell method of test, 203-20 

gas evolution from plastic lajer, 287, 293 
gas flow method of test, 20.3-20 
importance of, in enrbonizution, 835, 838 
in coal selection, 301, 303-4 
in combustion. 298-301, ,304 
influence of sulfur on, 427 
penetrometer method of test. 199-203 
permeability of plastic lajer to gas, 287, 
290, 297, 854. 1155 

plastomelrie (USSR) method of test, 248, 
280-98 

relation to coke strength, 164, 185, 188, 196, 
199, 201, 209, 222, 23;i-5, 269, 285-6. 
288 

thickness of plastie layer, 280-5, 288-08. 
838, 854-5 

torsional methods of test, 220-35 
transient nature of, 169, 241 
porosity of, 333, 598, 609-15, 648 
proximate analysis, accuracy, 54 
effect of oxidation on, 669-70 
use in classification, 50 


Coal, pseudoanthracltlc, 44 
pseiidocarbonaceous, 44 
pyrite in, see Sulfur In coal 
rational analysis, 71 
reactivity, 762, 902-4 
reflectivity, 73-4, 326- 7 
refractivlty, 327-30 
resinous, 90 

resistance to abrasion, 146 
rheological properties, 162; arc also Coal, 
plastic properties 
rock types, 96, 98 
sampling, 878-0, 1500 
sandstone channels in, 405 
sclerotia In, 110, 121-2 
scratch hardness, 145 
selection for coke production, 778 
semibitumiiious, 44 
semisplint, 30-1, 33 4, 36. 89-90 
shape factor, 882 
size distribution of broken, 880 
slacking properties, 60-1, 616-7, 672-3 
solvent extraction, 8(( Soheni extraction of 
coal 

sorption of moisture by, 609-15 
specific gravity, 310-5 
specific heat, 323-6, 608 
splint, 29 31, 33-6, 88-90, 119, 333 
8X>ontaneous combustion, arc Spontaneous com¬ 
bustion of coal 
spore, 90 

spores in, 4, 9-11, 16, 29 30, 34, 91, 109-^13, 
116-7, 120, 125 
hydrogenation of, 387-91, 1758 
storage, arc Storage of cool 
strength, 146-8 
subbltuminous, 44 
siibligiiitous, 44 
sulfonation, 359 
sulfur in, arc Sulfur in coal 
surface projuTtles, 622 

swelling properties, 181-3, 185-8. 281-98; see 
also ExpansUui and expansion pressures 
of coal; Coal, plastic proj)erlles 
box tests, 187-8 
B.S.I. index, 186-7 
definition, 161 
dependence on rank, 185-7 
effect of oxldatlt>n on, 669 
influence on combustion, 298 
relation to coke strength, 196, 199 
thermal capacity, 323-6, 608 
thermal conductivity, 320-3, 8,53 4 
thermal expansion, 32,3 
ultimate analysis, accuracy, 49 50 
effect of oxidation on, 669-70 
use in classification, 41-50 
iinsatnrntlon (chemical) of, 341, 343 4 
variability in composition, ,33 5, 4.50-1, 457 
wushability, sec Cleaning of coal 
wafer In, set Moisture in coal 
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Coal, waxes in, 9-11, 16, 29-30, 117, 119, 691-4 
weathering properties, ore atto Storage of coal 
use in classification, 00-1, 72 
X-ray studies, 18, 74, 107, 331-0 
absorption, 381-3 
diffraction, 333-6, 749, 90B-0 
Coal ash, see also Mineral matter in coal; Fl> 
ash 

clinker trouble due to fusibility, 624-7 
composition, 23-4, 480-93, 1636 
correction to mineral matter, 02-5, 142-3, 312. 
487 

correlation of slag viscosity with fusibility, 
635-6 

dependence of fusibility on com|>osltion, 606- 
24, 1630-7 

difficulties of furnace operation due to fusibil¬ 
ity, 548-72, 1494 

effect of coal cleaning on fusibility, 587 
effect of furnace atmosphere on fusibility, 498- 
500 

effect of sample preparation on fusibility, 499- 
601 

effect on efficiency in combustion, 587 
extraction by acids, 455-8, 592-3 
fluid temperature, 498, 636 
fusibility, 496-527 
grate-bar erosion by, 564 

initial deformation temperature, 498, 502, 636 
methods of calculation of fusibility, 515-24 
methods of measurement of fusibility, 497-606 
origin, 22-3 

rare elements in, 24, 490-3 
reduction by coal cleaning, see Cleaning of 
coal 

relation of phase equilibria to fusibility, 605- 
24, 1037 

segregation in furnaces, 520, 631, 562-4, 1497, 
1561-2 

Blagging of boiler tubes by, 561-5, 671, 1495, 
1502 

slagging of refractories by, 654-01, 1495, 1562 
softening temperature, 496-627 
solubility, 489-90 
sulfur in, 436 

Coal-ash slags, adhesion to grates, 555, 1495 
correlation of viscosity with ash fusibility, 
535-6 

effect of ferric percentage on viscosity, 533-4 
effect of fluxes on viscosity, 531-3, 537 
flow below liquidus temperature, 640-7 
flow of fused billets of, 542-7 
surface tension, 527, 644-5, 555 
temperature coefficient of viscosity, 538-9 
uses, 1637 

viscosity, 500, 627-40 
Coal balls, 86, 429 
origin, 495 
sulfur in, 427 
Coal band, 46-7 
Coal-dust engine, 1540 


Coal extracts, see also Solvent extraction of coal 
alkali treatment, 747 
chromatographic adsorption, 714-6 
hydrogenation, 390-4, 707, 732, 747-8 
liquid-liquid extraction, 715 
nature, 677, C90-6, 703-6, 712-3, 715-8, 741- 
52 

oxidation, 747 
uses, 707, 711 
vacuum distillation, 773 
X-ray diffraction by, 749 
Coal gas, see Gas from carbonization of coal 
“Coal Ingredients,” 93 
Coal oil, extraction of coal by, 735 
Coal paleobotany, 26, 115-28 
Coal petrography, 27-38, 8G-131 
for coal description, 130-1 
microscopic techniques in, 107-15 
nomenclature, 80-102 
objectives, 115 
practical applientlon, 124-30 
preparation tecliniques in. 102-7, 114 
Coal resins, 9 11, 10, 29-30, .34, 91, 111 3, 117, 
119, 123-4, 128 ; sec also Bitumens 
composition, 34 
extraction, 690-3, 742 
hydrogenation, 387-91, 1768 
saponification, 095 
Coal slurry, flocculation, 593-8 
behavior of bone and shale in, 596 
influence of coal rank on, 690 
reagents for, 594-8 

Coal-tar chemicals, 1325-70; see also individual 
compounds 

Coal-tar crudes, 1323-5 

Coal types, 5, 28 ; see also Claralii; Duraln ; An- 
thraxylon ; Attritiis ; rtr. 
alkaline permanganate oxidation of, 375 
ash in, 490 
briquetting, 130 
chemical properties, 32 6 
coking, 127, 129 
combustion, 129 
commercial availability, 37 
differentiation by X-rays, 107 
electrical conductivity, 319 20 
friability, 150 
grindabllity, 157 
halogen absorption by, 342 
hardness, 145 

hydrogenation, 387-91, 1757-9 
mineral matter distribution in, 489 
nitrogen content, 451 
rates of oxidation, 349, 052-3 
reaction to photographic plates, 107 
separation, 37-8, 124, 129, 150-1, 157 
solvent extraction, 721, 754-5 
terminology, 28-31, 86-102 
vacuum distillation, 773 
X-ray absorption, 334-5 
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Coals (seam, mine, or place of origin), Aaclien, 
258, 474 

Alabama,* 34, 574, 010--2 
Alaska, 87 
Alberta, 55 
Alberta Bloch, 417 
Aleksandriiski, 393 
Alma,* 169, 174 
American, see United States 
Anthracite-Crested Butte,* 16 
Appalachian,* 138 
Arkansas-Oklahoma,* 15 
Arley, 325 
Arsa, 420, 431, 440 
Assam, 360 
Ataman, 734-5 
Australian, 72, 492, 623 
Austrian, 84 
Baesweller, 823 
Bahnseliacht, 225, 257-8 
Bakerstown,* 846 

Barnsley, 145, 153, 257, 637-8, 640-3. 647, 
652, 727, 752 

Beamsliaw, 382, 1704, 1700. 1778 

Bofkley.* 263, 269, 277, 303, 843-4 

Belgian, 515 

Bell No. 1,* 845 

Bengal, 748 

Beresford, 305 

Big-Veln,* see Coals, Pittsburgh 
Bismarck, 174 
Black Creek,* 31, 238, 303 
Bohemian, 474, 692-3, 705, 1008, 1127 


Boldyrewsky, 678 
Boltigen, 197, 212, 255 
Bonifatiiis, 216 
Brassert, 315, 327, 720 

British, 28, 40. 78, 107, Hi), 131, 134, 139, 
141, 150, 198, 206, 211, 215, 252, 250-7, 
259, 325, 338, 340, 353, 375, 395, 437, 
451, 470, 474, 491-2. 752, 702, 765, 773, 
907, 1008, 1030, 1075, 1099, 1757 
British Coluinhinn, 34 
Broekwell, 257, 305, 748 
Brookville,* 31 

Bruceton,* see Coals, Pittsbiirgli 


Burmese, 712-3 

Busty, 110-7, 257, 305, 713-4 

Campine, 127 

Canadian, 25, 53, 50, 59-00, 73, 79, 83-4, 144, 
150, 382, 395-0, 430, 712-3, 717, 1780 
Cardiff, 712. 710-7 
Carswell,* 210 
Cassel, 706 

Chachareiskys, 078, 703 

Chilton,* 33-4, 1710, 1713 

Chinese, 85, 54-5, 02, 198, 215, 882, 748 


Coalburg,* 31 
Cokery, 225 

Colchester,* see Coals, Illinois No. 2 


* United States. 


Coals (seam, mine, or place of origin), CoUle, 
716 

Colonial,* 208-9 

Colorado,* 40, 319, 329, 850, 1760, 1784 

Commentry, 5, 629 

Consolidation,* 474 

Cooperative, 716 

Corona, 691-2 

Cumberland, 884 

Cscchoslovakian, 147, 706 

Dalton Main, 714, 1382, 1788 

Deepwater Black Creek,* 303 

Denmark, 401, 406. 410-1 

Derbyshire, 170, 199, 250 

Diekebauk, 257 

Dominion, 236 

Donets, 84, 203, 297, 330 

Dorothy,* 31, 263, 844 

Dudweiler, 202 

Durham, 199, 204, 210, 247, 269, 261, 306-6. 

308, 338, 749, 763. 860, 884, 907, 916-7, 

1019, 1166 
Engle,* 263, 844 
East Indian, 758 
Edenborn,* see Coals, Pittsburgh 
Elkhorn,* 573, 1710 
English, see Coals, British 
Eschweiler, 216, 218 
Estevan, 478, 712-4 
P'alrmont,* 340, 1710 
Filbert.* 208 9 
Fiuefruu, 245 
Finnish, 689 
Fire Creek,* 203 
Fognano, 095 
Fortnna, 091-2 
Freeport,* 120, 208-9 
French. 84, 119, 100, 513 
Fulton,* 230, 303 
FUrst Leopold, 218 
Ftirstenberg, 691-2 
Cleorges Creek,* 530-1 

German, 175, 200, 202-3, 200-10, 214, 285, 
256, 258. 306, 30S, 493, 592, 698, 702, 
758-0, 1008, 1558, 1699 
Gerstewitz, 697 
Girondelle, 245 
Gleiwitz, 216-8 
Gottfried Wilhelm, 327 
Groat Mountain, 145, 153 
Green Uiver,* 913 
Gretchen, 245 
Griffon, 716-7 
Groselose,* 180 
Gualdo Catanes, 711 
Hamborn-Neiiinuhl, 725 
Ilamstead, 23, 754 
Hannover, 327 
Hannover Hannibal, 216 
Hans, 225 
Harlech, 712 
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Coalg (seam, mine, or place of origin), Harris¬ 
burg,* iee Coals, Illinois No. 6 
Harrey, 305 
Hashima, 108, 255 
Hedvika, 707, 756 

Heinitz, 107, 212, 216, 218, 255, 330 
Heinrich, 225 
Hermann, 257 

Herrin,* see Coals, Illinois No. 6 
Hessian, 707-8 
High Hazel, 300-1 

High Splint,* 01-2, 304, 350, 370, 374, 384-6. 

650, 666, 858 
Hirschfelde, 691-2 
Hocking,* 1545 
Hohcnzollern, 216, 218 
Holmside, 340, 1601 
Hugo, 216 

Hungarian, 121, 437 
Hutton, 748 

Illinois,* 38, 61, 63, 65, 74, 83, 124, 130, 138, 
148, 145, 149-50, 153, 157, 205-8, 236, 
824, 329, 348, 369, 375, 426-7, 430, 438-9, 
445, 487, 606, 657, 574, 587, 690, 029, 
635, 655, 659, 741, 763, 807, 848, 850, 
916, 1541, 1545, 1710 
Illinois No. 1,* 319 
Illinois No. 2,* 117, 120, 130, 319 
Illinois No. 5,* 130, 319 

Illinois No. 6,* 31, 106, 107, 117, 120, 123. 
130, 318-9, 328-9, 350, 370, 374, 383-6, 
423, 485, 488-9, 494, 573, 598, 858, 900, 
018, 1760 

Imboden,* 239, 303 
Indian, 218, 314 

Indiana,* 318-9, 325, 329, 438-9, 632 
Iowa,* 78, 329, 438-9. 634 
Irish, 670, 689, 697, 714 
Italian, 315, 513 

Japanese, 68-4), 78, 198, 382, 502, 511, 724, 
748, 1780 
Jaroslav, 756 
Kaitangata, 712 
Kanawha,* 1560 
Kansas,* 438-9 
Karolina, 707, 756 
Kassel. 091-2 
Kent, 806, 308 

Kentucky,* 32, 34, 37, 149, 206-7, 210, 438-9, 
505 

Kittanning,* 303, 305-6 
KBnlg Ludwig, 315 
Kuznctz, 293, 678, 704 
La Houve, 197, 212, 255 
Lanarkshire, 382, 1780 
Lancashire, 457, 764-5 
Langenbrahm, 315, 327, 720 
Lauckhammcr, 494, 683 
Lens, 763 
Leopold, 216 

* United States. 


Coals (seam, mine, or place of origin), Limburg, 
131, 222 

Lohberg. 419, 724, 1386 
Loire, 458, 460 

Lower Banner.• 31, 304, 650, 845 

Lower Freeport,* 236, 264, 266, 303, 650, 845 

Lower Ilartshorne,* 319 

Lower Kittanning,* 31, 40, 219, 236, 238-9, 
204-6, 303, 844-5 

Lower Silesian, 188, 203, 214, 223-5, 230-4, 
249, 301-3, 379-82, 479, 1019, 1779 
Lower Sunnysirte,* 31 
Ludwig, 327, 724 
Mammoth,* 316 
Manchurian, 429, 724 
Manjok, 748 
Maria Luisa, 382, 1780 
Marie, 225 
Marvine,* 327 
Maryland,* 149 

Mary Lee,* 383, 573, 1759-60. 1781 

Matogan, 704 

Matthias, 245 

Maiisegutt, 245, 365 

Max. 756 

Mayback, 458 

McKay,* 383, 1760 

Michel, 262, 305 

Michigan,* 438-9 

Midlands, 633 

Mississippi.* 319, 329 

Missouri,* 438-9 

Mitchell Main, 382, 1382, 1780 

Monarch,* 32, 1760, 1781 

Monmouthshire, 195 

Montana,* 149 

Montrambert, 458. 460, 742, 762 3 

Morgensonno, 327 

Morwell, 712-4 

Moshannon,* 303 

Moscow, 617 

Moscow paper, 117 

Nashville.* 328-9 

Neumtihl, 197, 212. 255 

New Hucknoll, 1001 

New River,* 316, 526 

New Zealand, 85, 712, 748 

Nlederlausitzer, 454 

No. 2 (las,* 31, 239, ,303 

No. 5 Block,* 147 

Nord, 103 

North Dakota,* 149, .590. 1700 
Northumberland. 210, 280, 907 
Nothinghainshirc, 259 
Oberlausilzer, 693 

Ohio,* 32, 401, 405, 410-1, 438-9, 505 

Oklahoma,* 329 

Ossinova, 293 

Ostcrfeld, 759 

Ostrau-Karwin, 202, 245 

Otto, 107, 114, 245 
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Coals (seam, mine, or place of origin), Palmer* 
20ft-9 

Parkgate, 163, 267, 300-1, 305, 382, 727 
1780, 1789 

Pas-de-Calais, 103, 210 
Peisenberg, lOG 
Pembrina, 712 

Pennsylvania,* 37, 45, 71, 74, 82, 138, 142, 
146, 149, 206, 210, 315-7, 324, 401, 405, 
410-1, 438-9, 487, 505, 509, 514, 523, 
625-6, 544, 556-7, 563, 587, 590 
Phalen, 631 
PhSnix, 691-2 

Pittsburgh,* 147, 168-9, 179, 236, 238-9, 
264r-5, 303, 322, 347, 351-2, 363, 368-70, 
374, 383-6, 390-1, 401, 408-9, 418, 420. 
422-3, 458-9, 467, 530-1, 010-2, G31, 
644, 650, 666-7, 715, 721-2, 724, 732. 
734, 737, 745, 752, 756, 763, 767, 849-50, 
858, 886, 900, 907, 910-1, 913, 916, 927, 
1022, 1030, 1379, 154.5, 1554, 1560, 1705, 
1760-2, 1775, 1781-4 
Pittston,* 1710 

Pocahontas,* 208-9, 263-5, 279, 305-6, 360, 
526, 660, 763, 910-1, 1022. 1545. 1560 
Pocahontas No, 3,* 263, 304, 370, 374, 384-6, 
650, 663, 845, 858, 900 
Pocahontas No. 4,* 263, 304, 650, 845 
Pocahontas No. 5,* 263 
Polish, 213 

Pond Creek,* 304, 650, 838, 844 

Pool,* 71, 303 

Powellton,* 844, 846, 910-1 

Pratt,* 1294-301 

Proprietary, 372-3, 716-7 

Prosper, 315. 327 

Prosper II, 202 

Rndbod, 216 

Raton,* 573 

Red Vein, 145, 153 

Rhenish, 699. 712, 714 

Rheuish-Wostphalian, 200, 252 

Riebeck, 092, 702 

Rock Island,* see Coals, Illinois No. 1 

Rocky Mountain,* 138 

Rose Deer, 712 

Rosebud * 1760 

Rossitr., 742 

Rottgersbank, 257 

Rojal,* 210 

Ruhr, 107, 122, 131, 150, 203, 210, 214, 217, 
223-4, 233, 251 -2, 258, 301-3, 339, 451, 
482, 1009, 1382 
Rumanian, 84 

Russian, 53, 61, 77 8, 84-5, 280-98, 327, 382, 
491, 687-9 

Saar, 122, 150, 188, 193, 217, 220, 233, 258, 
340, 458, 474, 742, 822, 857, 1009, 1382 
SattelflOz-Nicderbank, 131 
Saxon, 175, 188, 219, 233-4, 474-5, 701, 712, 
714, 1075, 1381 
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Coals (scam, mine, or place of origin), Scber- 
binsky, 735 
Scholler, 327 

Scottish, 317, 333, 338, 884, 907, 1009, 1081 
Sewell,* 168-9. 236, 263, 265, 804-6, 820, 
630, 650, 843, 845, 918 
Shafton, 1382 
Shamokin,* 318 
Sharlslon Wallsend, 1601 
Sheridan,* 631 

Silesian, 203, 219, 474, 692, 1008, 1030 

Silkstone, 300-1, 305. 762 

Somerset, 306, 308, 763 

Sonnenscliein, 245, 514 

Sophia-.Tacot»a, 720 

South African, 149, 748, 1030 

S(<uth Australian, 446 

South Dakota,* 61, 71 

South Hetton, 1382 

South TAmburg, 107 

South Wales, 46, 61, 195, 259, 306, 308, 748, 
907, 917, 1019 

Springfield,* srr (^>als, Illinois No. 6 

Staffordshire, 250 

Stanllyd, 305 

Stavfcly, 766-7 

Stinnes, 724 

Stockton, 716 

Styrian, 693 

Sydney, 031 

Taggart* 125 

Tennessee,* 438 9 

Te.\nH,* 673 

Thick, 489 90 

Thick Freeport,* 573 

Three Quarter, 198 

Tiefbau, 225, 257 

Trlebcn, 327 

Tscheremchowsches, 678 

Tnpton, 198 

Two Foot Nine. 16.3, 195, 257 
Ukrainian, 1760 
Uiigarn, 258 

United States,* 25, 27. 31-2, 37, 46-7, 40-52, 
.5.5, 57. 59, 71 2, 107, 131, 139, 144, 150, 
178, 205, 207, 303, 308, 314, 318, 340, 
.347, 382, 429, 436, 468, 489, 586, 649, 
672-3, 752, 838, 847, 880, 908, 1008, 
1488, 10.36, 1757 
UpiK*r Banner,* 841-4 

Upper Freeport,* 328, 147, 236, 264-6, 351, 
650, 845 

ITpper Klttanning,* 31, 264-5, 269, 659, 845 
Upper Silesian, 150, 174, 188, 203, 210, 214, 
217-8, 223-4, 230-4, 249, 258-9, 301-3, 
490-1, 1019 
Utah,* 32, 850, 1386 
Vtirpalota, 714 
Velen, 494, 683-4 , 

Velva,* 1760, 1781 
Victoria, 305-6 

Volume II, pages 921-1868. 



SUBJECT INDEX 


Ixxx 

Coals (seam, mine, or place of origin), Viktoria, 
245 

Virginia,* 82, 34, 78, 180, 610-2 
Voroskilov, 715 

Washington,* 61, 78-9, 149, 401, 403, 405, 
410-1, 674, 1710, 1784 
Wasserfall, 245 
Wealdon, 721 
Wehhofen, 724 

Welsh, 58, 145, 153, 204, 1008, 1379 
Werminghoff, 691-2 

West Virginia,* 32, 34, 83, 138, 147, 149-50, 
206, 324, 439, 505, 509, 525-6, 544, 657 
Western Australian, 46 

Westphalian, 188, 215, 219, 233-4, 249, 338, 
361, 474, 721, 1008, 1019, 1030 
Wigan Six-Foot, 765 
Wllliamston,* 34 
Winlfrede,* 803 
Wisconsin,* 684 
Witbank, 714 
Wurm, 217-8, 258 
Wyoming,* 149, 324, 491, 763 
Yampa,* 17 

Yorkshire, 170, 259, 306, 339, 445, 474, 680, 
907, 917, 1019, 1607, 1789 
Yubari, 198, 255 
Zhurinsk, 470 
Zollverein, 218, 267 
Zwickauer, 1382 
Zwickau-Obenhohndorf, 202 
Cochrane tumbler teat, 871, 883, 886-7 
Coke, see also Blast-furiiace operation ; Combus¬ 
tion of coke 

apparent density, 893-4, 016-6 
ash in, 587, 875 
bulk density, 874-6, 892 
cell structure, 858, 861 
combustibility, see Coke, reactivity of 
compressive strength, 891 
consumption In United States, 863-4 
determination of size and size distribution, 
876-81 

effect of coal moisture on yield of, 857 
effect of oxidation of coal on yield of, 860-2 
effect of rate of heating on yield of, 839, 843-7, 
858 

effect of temperature on composition, 913-4, 
1295 

effect of temperature on yield of, 840-1, 843-7, 
1295-6, 1299-301 

electrical conductivity, 317-8, 905, 918, 916 
for gas producers, 872-4, 1610, 1710-2 
from blends of coal and inerts, 909-12 
from blends of coals, 908-9 
from oxidized coal, 663-6, 860-1 
from vertical coke ovens, 805, 886 
graphitization of, 904-C, 914 
hardness, see Coke, strength 
heat content, 819, 824-5 

• United States. 


Coke, hydrogenation, 1607 

low-temperature, see Semi-coke 
nitrogen in, see Nitrogen in coke 
oxidation, 368-71, 374, 906 
permeability to gases, 895 
porosity, 894 

pressure abrasion test, 891 
production of low-sulfur, 448-9 
reactivity, 857, 859, 867-9, 871, 873-5, 895- 
904, 912-9, 1516-7, 1601-3, 1605-6, 

1610, 1645-6, 1711-2 
adsorption tests, 904, 913, 916 
catalysts and, 914, 917-9, 1605-6 
critical air-blast method for determining, 
900-1 

dependence on carbonization temperature, 912 
importance for gas producer fuel, 1645-0, 
1711-2 

modified ignition-point method for determin¬ 
ing, 899-900 

overfeed burning tests, Jh)l-4 
to carbon dioxide. 897-8. 913, 1601 3 
underfeed burning tests, 901 
resistance to shatter, 858, 805-6, 871, 877, 
883 8. 892, 900-12, 910-7 
sampling, 878-9 
shape factor, 882 

shatter test, see Coke, resistance to shatter 
sizing, 808- 71, 873-5 
specific gravity, 801, 870, 894 5, 914 
specific heat, 324-5 
specific surface, 881-3 
strength, 852, 858, 800, 883-92, 900-12 
sulfur in, sve Sulfur In coke 
temperature dependence of i>ropertieH, 912-4 
thermal coiiduetivity, 321 
thermal diffuslvlty, 323 
“true” abrasion test, 887, 889 90 
tumbler test of, 805, 877, 883, 880 
X-rny diffraction by, 330, 905-0, 1099-700 
Coke guide, 782 
Coke-oven doors, 782. 827-8 

(\)kP-oven gas, stc Gas from carbonization of 
coal 

Cuke ovens, beehive, 774-8 

carbonizing ca])ncity of, in United States, 
794 

heat loss in, 776 
loss of byproducts in, 770 
waste heat recovery in, 770 
byproduct, American-Foundation, 794 
Becker, 704, 803 
Cambria, 794 
carbon deposition in, 856 
carbonizing capacity of, in United States, 794 
charging, 778-81 

continuous retorts, 774, 807-10, 813-6, 924 
Coppee, 783 

Curran-Knowles, 794, 807, 811, 925 
development, 783-803 
dimensions, 781 
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Coke ovens, byproduct, double-divided, 790-4 
efficiency of beating, 822, 824-6 
electrically heated, 774, 811-2 
end-flue construction in, 828 
flow of gases within, 204, 854-5, 922-3, 1155 
gas pressure in, 780, 836 
hairpin flue in, 794, 796-7 
Hayes retort, 813 
heat balances, 820-5 
heat losses from, 819-21, 826-7 
heat transfer in, 828-31, 852, 854-5 
beating, 782-3, 818-20, 830, 834 5 
HUssener, 783 
Improved Equipment, 794 
intermittent retorts, 774, 803, 923-4 
Intermittent vertical chamber, 803, 805-7 
Hoppers, 785, 788-94 
Koppers-Becker, 796, 800-4 
Hoppers recirculation, 832 
low-differential, 704 
materials of construction, 810 
number in United States, 794 
Otto, 783, 794, 796-9 
Otto-IIoffmann, 783, 785 
Parkcr-Russell, 794 
Piotte, 794 

pushing schedules, 781 
rate of coking in, 781 
Iloberts-Morrlsey, 794 
Schniewind, 784, 786 
Semet-Solvay, 785, 787, 789, 794 
Simon-Carv<^8, 783-4 
Smokeless charging, 780 
sole-heated, 774, 807, 811, 925 
spalling of silica brick in, 850 
steaming in, 805, 807, 925, 1027 
stresses in, 818 

temperature distribution in, 818, 830-7, 922 
underjet, 796, 803 
Wilputte, 789, 795 

(\)ke tree formation in domestic stokers, 1493 
Coking principle, 755-00 

Coking properties of coal, see Coal, plastic prop¬ 
erties 

Coking time, sec Rate of coking 
(\>llain, 95, 119 

2.4,6-Collidine in coal gas, 1131 
Collidines, extraction of coal by, 735 
from hydrogenation of coal, 1779 
in high-temperature tar, 472 
Combustion, of coal, 1482-567 

as pulverized fuel, see Combustion of pul¬ 
verized coal 
catalysts in, 568-71 
chemistry of, 1515-20 

effect of ash content on, SOO-1, 648-72, 58 < 
effect of moisture in coal on, 619-20 
effect of oxidation of coal on, 674, 1493 
furnace volume reactions in, 1513—4 
importance of plastic properties in, 298—301, 
568 
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Combustion, of coal, in fuel beds, classification, 
1507-8 

clinker formation in, 548-54 
effect of ash on, 548-54 
effect of coal size on, 300-1 
effect of depth of bed on, 300-1 
effect of rate of air flow on, 300-1 
gas composition in, 1507-8 
heat flow In, 1507-12 
reaction rates in, 1503-7 
temperature distribution In, 1510-1, 1614 
In hand-fired heaters and boilers, 1483-6 
in open fires and grates, 1482-3 
on chain-grate stokers, 1486-8 
on multiple-retort underfeed stokers, 1488- 
92, 1609-12 

on overfeed stokers, 3 494, 1508 
on single-retort underfeed stokers, 1402-4 
on spreader stokers, 1494-6 
on traveling grate stokers, 1485-8 
performance tests, 3498 9 
physics, 1501-14 

secondary air for, 1483-4, 1480-7, 1492, 
1497-8, 1533 

segregation of ash in, 526, 531, 502-4, 1407, 
1501-2 

selection of coal for stokers for, 3494-501 
smoke emission in, 1497-9 
ol coni gas, 1253-75 

atmospheric burners for, 1265-76 
calculations, 1254 00 
chemical reactions of, 1254 
constuiils relating to, 1266-7 
dew p<*int of flue products from, 1200, 12<J3 
beat content of flue products from, 1200-2 
mechanism, 1203-6 
test burners for, 1272 5 
of coke, as domestic fuel, 872-5, 915 
as pulAcrized fuel, 872 
catalysts in, 914, 917-9, 1005 0, 1034 
effect of bulk density on, 874 5 
stokers for, 872 
of pulverized coal, 1522-07 

auxiliary equipment for, 1532 0 
burners for, 1534-0 
carbon losses in, 1500 -7 
cenosphere formation in, 1550 1 
combination firing in, 1539 
development trends in, 1507 
elimination of ash in, 1501-2 
flame propagation In, 1549-50 
fuels for, 1539-40 
furnace conditions with, 1540-7 
bent transfer in furnaces for, 1502 0 
history, 1522-9 
in cement kilns, 1522-3 
in metallurgical furnaces, 1523-4 
in power plants, 1625 
in small furnaces, 1536, 1638 
in steam locomotives, 1538-9 
Influence of excess air on, 1556-7 
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Combustion, of pulverized coal, median igm, 
1550-5 

rate of burning of individual coal partlcleB 
in, 1555-61 

slagging of ash in, 564-5 
typical furnaces for, 1529-32 
Complete gasification, 1629-35, 1646-7, 1716-7 
Conditioning of coal, see Preheating of coal 
Coorongit, 463 
Coppee coke oven, 783 
Cordaites in fusain, 20 

Coronene from hydrogenation of coal, 383, 1780 
Corrosion, by ammonlacal liquor, 1388 
by coal gas, 934-5, 943-4, 947, 954-5 
by hydrocyanic acid, 1083-6 
by hydrogen sulfide, 957 

from quenching coke with liquor, 1373, 1421-2 
in ammonium chloride production, 1409 
in ammonium sulfate production, 1048-9, 1069 
in light-oil recovery, 1164 
of light-oil stills, 1142-3 
of tar stills, 1079 

Coumarone, from carbonization of coal, 1362 
in coal gas, 932, 942 
in coal tar, 1326-7 
in heavy solvent naphtha, 3153 
in light oil, 1141, 1146, 3148, 1326 
physical properties, 1148 
polymerization, 942 

Crackene from carbonization of coal, 1370 
Creosote, percentage of tar as, 1323-4, 1326-7 
Cresol, as wash oil for light-oil recovery, 3182 
extraction of coal by, 735, 755 
from hydrogenation of coal, 1779, 1781 3 
from hydrogenation of tar, 1790 
hydrogenation, 1769-70 
in ammonlacal liquor, 1381, 3386 
in coal gas, 942 
in coal tar, 1343-5 
uses, 1348-50 

m-Cresol, extraction of coal by, 735, 738 
from carbonization of coal, 1364 
from hydrogenation of coal, 1780 
in ammonlacal liquor, 1385-6, 3445-6 
in coal gas, 932 
in coal tar, 1346 
in light oil, 1148 
physical properties, 1148 
purification, 1346—7 
toxicity, 1417 
uses, 1348 

o-Cresol, extraction of coal by, 735 
from carbonization of coal, 1363 
from hydrogenation of coal, 1780 
in ammonlacal liquor, 1385, 1445-6 
in coal gas, 932 
in coal tar, 1345-6 
in light oil, 1148 
physical properties, 1148 
toxicity, 1417-8 
uses, 1348-9 


p-PresoI, extraction of coal by, 735 
from carbonization of coal, 1364 
from coal extracts, 713 
in ainmoiiiacal liquor, 1386, 1445-6 
in coal gas, 932 
in coal tar, 1340 
in light oil, 1148 
physical properties, 1348 
purlficn tion, 3 346-7 
toxicity, 1417 

Critical air blast test, 874-5, 900-3 
Crotoiiylene, from carbonization of coal, 1358 
in coal gas, 931, 939 
Cumene, from carbonization of coal, 1361 
In coal tar, 1326 
In heavy solvent naphtha, 1153 
Curran-Knowles coke oven, 794, 807, 811 
tar from, 3304, 1309, 3313-4 
Ciitinlte, 98 

Cyanides, arc also Ammonium cyanide; Cyano¬ 
gen ; hydrocyanic acid 
determination in ammoniucal liquor, 1471-2 
reeovery from ammonlacal liquor, 1463-4 
Cyanogen, arc also Hydrocyanic n<'ld 
annual output in United States, 1083 
eoneentrntion in carbonization gases, 1082, 
1087-8 

conversion to ammonia, 1464 
distribution In gasworks, 1087 
formation from ammonia, 3014-6 
fouling of oxide boxes by, 1086 
from carbonization of coal, 3 358 
from high-temperature carbonization of coal, 
3 011, 1020 

from low-t(‘mperature carbonization of coal, 
3017-8 

in coal gas, 944, 1008 
in producer gas. 1030 
in water gas, 1030 

influence of animoiiia on removal from gas of, 
1091-2 

nitrogenous elinrs from, 483 
poisoning of catalysts by, 1085 
recovery from gas, alkaline snspensionK of iron 
oxide for, 1096-103, 1113-4 
ammonia for, 1096 
as thloeyonates, 3109-17 
Bueb process for, 1097, 1103-6 
by scrubbing with water, 1316-7 
calcium ferroeyanide process for, 1101-3 
C.A.S. proeess for, 442, 994-5. 1069-70 
formation of complex copper salts in, 1307-9 
hot aetiflcation methods for, 1117-9 
in Burkheiser process, 1063-5, 1113 
in Feld process, 1060-3, 1113 
in Forrox process, 1113-4 
in Seaboard process, 1112-3 
in Thylox process, 1114 
Knublaiich process for, 1096 103 
lime for, 1095-6 
recovery from spent oxide, 1079 
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Cyanogen, removal In oxide boxes, 1090-1 
Cyclohexadienes, in light oil, 1143, 1147 
physical properties, 1147 
Cyclohexane, dehydrogenation, 1771 
extraction of coal by, 737 
from carbonization of coal, 1359 
from hydrogenation of coal, 1779, 1784 
from hydrogenation of tar, 1790 
in light oil, 1143, 1147 
physical properties, 1147 
Cyclohexanol, extraction of coal by, 738 
Cyclohexene, from carbonization of coal, 1360 
in light oil, 1147 
physical properties, 1147 
Cyclohexyldihydrodimethylpyridine, 462 
Cyclohexylpyridiue, 462 

Cyclopen tad iene, from carbonization of coal. 
1359 

in coal gas, 931, 941 

in light oil, 941, 1139, 1141-2, 1147 

influence on benzol-relinlng, 1144, 1201-2 

physical properties, 1147 

polymerization, 1142-3 

reactions, 1142 

removal from light oil, 1201-2 
(’yclopentylpyridine, 462 
Cymene, in coal gas, 931, 940 
in light oil, 1147 
physical properties, 1147 
p-(^ymene, extraction of coal by, 737 8 
from carbonization of coal, 1363 
Czakd and Schaack burner, 1272 

Docalin, dehydrogenation. 1771 
extraction of coal by. 751 
from carbonization of c<»al, 136.3 
from hydrogenation of coal, 1780 
Decane, dehydrogenation, 1771 
from carbonization of coal, 1362 
w-Decune, from carbonization of coal, 1362 
in light oil, 1147 
physical properties, 1147 
Decene from carbonization of coal. 1362 
Decozane from extraction of coal, 695 
Devooys process, 578 

Diaminobutanol for licpiid inirification of gas. 
991 

Diaminoi)ropanol for Ihpiid purification of gas, 
990 

Diaspore, 487-8, 505 

2,3,5,6-Dlbenzoconmaronc from cariMinlzation of 
cool, 1370 

Dibenzothionaphllicne from carbonization of coal, 
1370 

Dibenzyl, extraction of coal by, 737 8 
jO'Dichlorobeiizene, extraction of coal b>, 7.38 
Dichloroethylene, extraction of coal by, 721 
Dlcyclopontadiene, from carbonization of coal, 
1362 

in light oil, 941, 1141-2, 1146-7 
physical properties, 1147 


haadii 

Dlcyclopontadiene, polmerization, 1143 
Didier producer, 1808-10; see also Bublag- 
Didicr producer 

Diethylacetylene from carbonization of coal, 1359 
Diethylamlne, extraction of coal by, 735 
from carbonization of coal, 1369 
in ammonlacal liquor, 471, 1385 
Diethylanlline, extraction of coal by, 735 
Diethylene glycol monoethy] ether, extraction of 
coal by, 733 

Diethyl ether, extraction of coal by, 704, 755 
Diethyl sulfide, from carbonization (►£ coal, 1360 
in light oil, 1143. 1149 
physical properties, 1149 
Dihydroacridlne, 466 

Diliydrobenzeue from carlxtniztition of coni, 136t) 
Dlhydromesitylenc, from carbonization of coal, 

1362 

from extraction of coal, 743 
in low-teiupernture tar, 764 
in vacuum tar, 764 

Dihydronaphthalenes, in llglil oil, 1146-7 
physical proi>ertles, 1147 
Dihydroprehnitene, from carhoiiizalioii of coal. 

1363 

from extraction of coal, 743 

5.6- Diliydropyrindine, 46t; 

Dihydroiiuiuolliic, in peat tar, 477 

in vacuum tar. 460 

DIhydrololucne from ex tract ion <»f coal, 743 
.3,4-Dil»ydrox: ia-tizoic acid from alkali fusion of 
humic acids, 419 

Diliydroxylene from carbonization of coal, 1361 
I>lliydro-m-xylenc, from extraction of coal, 74.S 
in vacuum tar. 764 

1.1 Dimcth.vlullenc from carbonization of coal, 
1359 

Diinethylaniliiic, cMractlon of coal by, 735 • 
ill bigh teinperature Inr, 473 
in light oil, 1148 
pliysical jiropcrlics, 1148 
Diniclhylanthracene from hydrogenation of coal, 
383 

2.6- and 2,7-Dimcthylanthraccne from carboniza¬ 

tion of coal, 136{» 

2.3- Dimethylbutudicne from carbonization of 

coal, 1.359 

2.4 l)linethyl-8-sc(?-butylqiiinoline, 465 
Diiiicthylcatcchol fnnii carbonization of coal, 
1366 

3.6- , 4,5-, ami 4,6-Dimelhylconmaronc from car¬ 

bonization of coal, 1365 

Dlmcthylcyclohexanc, from hydrogenation of 
coni, 1784 

from hydrogenation of tar, 1790 
in light oil, 1144, 1147 
physical properties, 1147 

1.3- and 1.4-Diinethylcyclohexane from carboni¬ 

zation of coal, 1360 

1.6- Dinicthyldecaliii from carbonization of coal, 

1364 
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3,4'- and 4,4'-l>i°i^thyldiphenyl from carbonlzu- 
tlon of coal, 1368 
82 /m‘Dlmethylene in coal gas, 929 

1.3- Dimetliyl'5-etbylbenzene from carbonization 

of coal, 1363 

3.4- Dimethylethylbenzene from carbonization of 

coal, 1363 

ansi/fn-Dimethylethylene in coal gas, 929 

2,3- and 2,4-Dlmethyl-8-ethylqulnoline, 463-4 

4.6- Dimethylhydrindene from carbonization of 

coal, 1365 

Dimethyllndenes from carbonization of coal, 
1865 

1.2- Dimethyl'4-isopropylbenzenc from carboniza¬ 

tion of coal, 1364 

1.3- Dlmethyli8oquinollne, from carbonization of 

coal, 1367 

in high-temperature tar, 473, 1353 

2,8-DimethyliHoquinoline in high-tempernturc 
tar, 1353 

2.6- Dlmethylnaphthacene from carbonization of 

coal. 1360 

Dime thy Inaphthalene, from hydroBcnatlon of 
coal, 383 

in coal tar, 1326, 3330 

1.2- , 1,6-, 1,6-, 2,3-, 2,6-, and 2,7-Dlmethylnaph 

thalenc from carbonization of coal, 1367 

2.3- , 2,4-, 2,5-, 2,0-, 3,4-, and 3,6-Dimethyl 

phenol, in light oil, 1148 
physical properties, 3148 

2.3- and 2,4-Dlmethyl-8-M-propylquinoline, 404-5 
Dimethylpyrene from hydrogenation of coal, 383, 

3780 

Dimethylpyridliie, in hlgh-temperature tar, 471, 
1351 

in light oil, 1145 

2.3- Diraethylpyridine, from carbonization of coal, 

‘ 1302 

in hlgh-tempernture tar, 473 
in light oil, 1148 
in peat tar, 470 
physical properties, 1148 

2.4- Dlmethylpyridine, 460 

from carbonization of coal, 1302 
from hydrogenation of coal, 1780 
in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470-1 
physical properties, 1148 

2.5- Dlmethylpyridinc, 400 

from carbonization of coal, 33(>2 
in high-temperature tar, 473 
In light oil, 1148 
In low-temperature tar, 470 
in pent tar, 470 
physical properties, 1148 

2.6- DimethylpyridIne, 466 

from carbonization of coal, 1301 
in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470 
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2,6-Dimethylpyridine, physical properties, 1148 

3.4- Dimethylpyridine, from carbonization of coal, 

1362 

In high-temperature tar, 478 
in light oil, 1148 
in low-temperature tar, 471 
physical properties, 1148 

3.5- Dimethylpyridine, 466 

from carbonization of coal, 1862 
physical properties, 1148 
Dimethylquinoline, in hlgh-temperature tar, 473 
in peat tar, 470 

2.3- Dimethylquinoline, 462 

in high-temperature tar, 472 

2.4- Dimethylquinoline, 462 

2.8- Dimethylquinoline, 463, 466 
from carbonization of coal, 1366 
in high-temperature tar, 473 

4.6- Dimethylquinoline in high-temperature tar, 

472 

5.8- Dlmethylqulnoline, from carbonization of coal, 

1367 

in hlgh-temperature tar, 472-3 
Dimethyl sulOde, from carbonization of coal, 1368 
in coal gas, 947 
in light oil, 1142, 1149 
physical properties, 1149 

Dimetliylthiophene, from carbonization of coal, 
1301 

in light oil, 1146, 3149 
physical properties, 1149 
Dioletlns, see also individual compounds 

formation of gum in motor benzol from, 1343, 
1198 

in light oil, 1143, 1147, 1198 
removal from light oil, see Light oil refining 
Dioxane, extraction of coal by, 738, 757 
Diphenyl, see Biphenyl 
Diphenylamine, extraction of coal by, 736 
7 -Diphenylenemethane from carbonization of 
coal, 1368 

Diphcnylcne oxide, from carbonization of coal, 
1308 

hydrogenolyals, 416-6 

Diphcnylcne sulfide from carbonization of coal, 
1308 

Dipiperidyd for liquid purification of gas, 991 
Disco, 814, 916, 1303; see also Wisner process 
Distortion of coke-oven walls by pressure, 270-1 
Docosune from carbonization of coal, 1308 
rt-Dodecane from carbonization of coal, 1304 
Dodecene from carbonization of coal, 1304 
Dolomite as flux for coal-ash slag, 533 
Dopplerlte, 6, 13 

Dotriacontane from extraction of coal, 094 
Double-divided coke oven, 790-4 
Dowson producer, 1660 
Drawe producer, 1666, 1669 

Dry purification of gas, see also Iron oxide puri¬ 
fication of gas 
activated carbon for, 969 
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Dry purification of gas, effect of cyanogen 
1086-7 

iron oxide for, 959-69 
lime for, 959, 1089 
manganese dioxide for, 966 
nickel oxide for, 970 
silica gel for, 969 
thiocyanate formation in, 1092 
Weldon mud for, 966 
Drying of coal, for carbonization, 850-5 
heat economy, 855-6 
Du Pont process for cleaning of coal, 581 
Dulong’s formula, 138 
Dupuy producer, 1668 
Durain, 6, 10, 14, 22-3, 29, 88, 94-5, 97, 102, 
109, 113, 119 

absorption of X-rays by, 333 
ash composition, 490, 493 
diffraction of X-rnjs by, 334 5 
friability, 150-1 
halogen absorption by, 342 
hardness, 145 
hydrogenation, 387-8 
mineral matter in, 489 
nitrogen in, 451 
rate of oxidation, 350, 652-3 
solvent extraction, 721, 727, 754 5 
Durene, from carbonization of coal, 1364 
in coal gas, 931, 940 
In light oil, 1147 
physical properties, 1147 
Diirenol from carbonization of coal, 1366 
Durlnite, 97 
Durit, see Durain 
Dustproofing coal, 598 9, 623 
Dux producer, 1667 

Ekof process, 591 

Electrolytic oxidation, of amnion incal liquor, 
1466-7 
of coal, 355 
of hydrogen sulfide, 973 
Electrostatic separation of fusain, 320 
Elmore vacuum-flotation process, 583 
Epidote, 23, 488 
Eschka method, 430-2 

Ethane, in coal gas, 927-9, 931,^ 937-8, 1253, 
1357 

synthesis, 1797-8 

Ethanol, extraction of coal by, 702, 704, 737-8, 
755 

extraction of peat by, 682 
from carbonization of coal, 1359 
recovery from coal gas, 1243 
Ethanolamines for liquid purification of gas, 
990-1 

Ether, see under individual ethers 
Ethyl acetate, extraction of coal by, 737 
extraction of peat by, 682 
Ethylacetylene from carbonization of coal, 1358 
Ethyl alcohol, see Ethanol i 


on, Ethylbenzene, extraction of coal by, 737-8 
from carbonization of coal, 1361 
in coal gas, 931, 940 
in heavy solvent naphtha, 1153 
in light oil, 1141, 1145-6 
physical properties, 1146 
Ethyl carbonate, extraction of coal by, 738 
Ethylene, in coal gas, 929, 931, 938, 1253, 1857 
reaction with ammonia, 1015 
removal from gas, 1242-6 
synthesis of, 1798 

Ethylene glycols, extraction of coal by, 788, 737 
Ethylene oxide, extraction of coni by, 788 
Ethylethylene in coal gas, 929 
Ethylmercaptan, from carbonization of coal, 1858 
In coal gas, 932, 947 
in light oil, 1142, 1149 
physical properties, 1602 -3, 1149 
3 Ethyl-5-methylpheiiol from carbonization of 
coal, 1365 

1 and 2-Ethylnaphtlialeiio from carbonization of 
coal, 1366 

Ml-, 0 -, and p-Ethyl phenol from carbonization of 
coal, 1364 
in light oil. 1148 
physical properties, 1148 
Ku-vltroln, 7, 95 
IJuvHrit, see Eu vitroin 
Exinite, 08 

Expansion and expansion pressure of coal, 240- 
80, 285 98, 305 -9 

comparison of methods of test, 805-9 
constant pressure, smaU-Hcak* tests, 242-8 
constant volume, small scale tests, 248-50 
dtunnge to coke ovens by, 240-1, 200, 270-1, 
285, 307-8, 853 
definition, 161, 240-1 

dependence on petrographic composition, 245, 
247, 251-2, 254, 267, 276-7 
dependence on rank, 245, 240, 257, 203-4, 268, 
305, 307-8 

effect of additions of boric acid on, 253-4, 
258 9 

effect of ash on, 204 5 

effect of blending coals on, 249, 255 7, 266, 
273. 276 

effect of bulk density on, 249, 265-7, 272-3, 
275-6, 309 

effect of diluents on, 249, 255-0. 258, 265, 275, 
277 

effect of moisture on, 240, 266 
effect of oxidation on, 253, 259, 266, 287, 202, 
669 

effect of particle size on, 249, 255-6, 258, 265, 
275, 277 

effect of preheating on, 252-3, 255, 250 
effect of pyridine vapor on, 258 
effect of rate of heating on, 249, 265 7, 272-3, 
275-6, 309 

measurements of, in coke ovens, 271 
test-ovens for determining, 269-78 
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BxploBion pressures of gases, 1279-81 
Extraction of coal, acid, 455-8, 692-3 
solvent, see Solvent extraction of coal 

Faaerkohle, see Fusain 
Fatty acids, see also individual acids 
synthesis, 1797, 1833, 1838-9 
Feld process, of gas purification, 442. 970, 992-3, 
997, 1060-3, 1106, 1113 
of tar recovery, 1320-1 
Feldspar, 23, 488 

as flux for coal-ash slag, 632 
Ferrox process, 443, 071-3, 1113-4 
Flat producer, 1667 
Fireclay brick, 816-8 
physical properties, 817 

Flscher-Tropsch process, see Hydrocarbon syn¬ 
thesis 

Float-and-slnk testing, 674 
Flocculation of coal slurry, 593-8 
Flow of gas, in coke ovens, 204, 854-5, 922-3, 
1155 

through beds of broken solids, 1504, 1512, 1646 
Flue gas, equipment for cleaning, 1498 
sulfur recovery from, 443-4 
Fluoranthene, from carbonisation of coal, 1370 
from hydrogenation of coal, 383, 1780 
in coal tar, 1340-1 
purification, 1342-3 
uses, 1343 

Fluorene, from carbonization of coal, 1368 
from hydrogenation of coal, 383, 1780 
in coal tar, 1320-7, 1335, 1338 
purification, 1338 
uses, 1339 

Fluorspar as flux for coal-ash slag. 532-3 
Fluxes for reduction of viscosity of coal-ash slag, 
631-3, 550 

Fly ash, from pulverized-coal firing, 1501-2 
in smoke, 1498 

slagging of heating surfaces by, 501-5, 571 
Formation of coal, see also Origin of coal 
biochemical stage, 9-12, 28 
cellulose-lignin controversy on, 11-2, 307 
colloidal chemical stage, 12-4 
dynamochemlcal stage, 9, 14-9 
influence of minerals in, 24 
metamorphic stage, 9, 14-9, 28 
peat stage, 9-12 
pressure factor in, 17-9, 40 
temperature in, 15-9, 40 
time factor in, 17, 28 

Formic acid, from alkali fusion of coal, 420 
from carbonization of coal, 1300 
in ammonlacnl liquor, 1384-5 
synthesis, 1838 
Foundry coke, 864-71 
Friability of coal, see Coal, friability 
Froth flotatiiui of coal, behavior of clay in, 590 
behavior of pyrite in, 590 
effect of pll in, 590 


Froth flotation of coal, influence of coal rank 
on, 690-1 

processes for, 582-3 
reagents used in, 688-91 
separation of coal types by, 591 
theory, 688 

Fuel beds, see Combustion of coal 
Fuel cells, 1668-85 

air electrodes for, 1581-4 
Baur’s, 1577 

carbon anodes for, 1570-3 
direct, 1568-73 
economics, 1584-5 
elevated pressure operation, 1573 
energy relations in, 1508-9, 1674r-5 
Indirect, 1573-81 
Jacques’, 419, 1570 
mechanism of operation, 1569 
operating on dissolved reaction products, 
1580-1 

operating on gaseous reaction products of coal, 
1575-80 
Reed’s, 1572 

with diffusion electrodes, 1576, 1578 
with solid electrolytes, 1579-80 
Fuel Process Co. process, 581 
Fuel ratio, 50-1 

Fulvo acids from oxidation of cool, 347-8 
Fumarie acid from oxidation of coal, 366 
Fundamental jelly, 9 
Fungi, in coal, 117, 119, 121-2 
in formation of coal, 9 
Furfural, extraction of coal by, 733 
Furfuryl alcohol, extraction of coal by, 738 
Fusain, 5-0, 22-3, 27, 29, 33-4, 88, 94-6, 114 5, 
118 

alkaline permanganate ovidation, 375 

ash composition, 490 

electrical conductivity, 320 

electrostatic separation, 320 

friability, 150-1 

halogen absorption by, 342 

hydrogenation, 387-8, 390, 395, 1758 

in anthracite, 10 

mineral matter in, 489 

nitrogen in, 451 

origin, 19-2 j 

porosity, 333 

rate of oxidation, 350, 652-3 
selective flotation, 591 
solvent extraction, 721, 754-5 
sulfur in, 427 

Fusibility of coal ash, 496-527 
Fusinite, 96, 98, 99 
hydrogenation, 1758 
Fusit, sre Fusain 

Garnet, 23, 488 
Gas conditioning, 936, 1250-1 
Gas from earbonizatiun of coal, ammonia in, see 
^ Ammonia 
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Gas from carbonization of coal, ammonia re¬ 
moval from, 926, 975, 992-8, 1031-80 
byproduct recovery from, 926, 947-1281 
carbon monoxide removal from, 1247-8 
combustion data on, 828 
composition, 927-46 
effect of coal moisture on yield of, 857 
effect of oxidation of coal on yield of, 860-2 
effect of rate of heating on yield of, 839, 843-7, 
868 

effect of temperature on composition, 842, 1295 
effect of temperature on yield of, 840-1, 843-7, 
1295-6, 1299-301 
ethanol recovery from, 1243-5 
ethylene recovery from. 1242-5 
for bright annealing, 956, 1285 
for controlled furuaoe-atnioHpheres. 1281 5 
for drying of ink, 1285 
for flame hardening, 1285 
for gas turbines, 1286 
for heating, see Combustion of coal gas 
for heat-treatment of steel, 955, 1282 5 
for lighting, 1252 
for melting glass, 955 
for open-hearth furnaces, 955-6 
for production of inert atmospheres, 1285 
formation, 921-3 

hydrogen recovery from, 1244 7, 1853 
hydrogen sulfide removal from, i>26, 959 1092, 
1060-72 

indene removal from, 1241-2 
light-oil recovery from, 926, 1136 231 
naphthalene removal from, 1232-41 
nitric oxide removal from, 1249-50 
refrigeration for recovery of constituents, 
1243-7 

removal of nitrogen compounds from, 1008— 
135 

removal of sulfur compounds from, 947 1007 
styrene removal from, 1241-2 
tar removal from, 926 
typical anabses, 927, 1253 
variation In composition during coking, 930 
water vapor removal from, 1250-1 
Gas Machinery Co process, 1735 
Gas producers, also A V.G. producer; Chap 
man producer; ifr 
ash removal from, 1635-40, 1662-3 
capacities, 1587 
classification, 1659 69 
coke for, 872, 915 

composition of gases in fuel beds of, 1613, 
1616 

efficiency, 1629-30, 1638 
factors controlling operation, 1627-9 
fuel fn<‘tors in, 1644-6. 1068-70 
fundamental reactions in, 1587-610, 1693-5 
graphical representations of conditions in, 
1618-21 

high-speed operation, 1640-3 
kinetics of reactions in, 1589-610 


Gas producers, mechanical, 1686-7 

operation under pressure, 1631-2, 1661 
rates of gasification in, 1067 
steam decomposition In, 1614-8, 1626-7, 

1706-9 

structure of fuel beds in, 1611-2, 1614, 1616, 
1627 

suction producers, 1661 
sulfur balance in, 1648 
theory of operation, 1610-29 
thermodynamic data for reactions in, 1587-9 
typical operating results, 1669-72 
use of carbon dioxide in blast of, 1043 
use of catalysts in, 1634 
use of oxygen in, 1629-35, 1716-7, 1748-9 
use of preheated blast in, 1612-3, 1634, 1643-4 
vehhuilar, 872-4, 1642, 1666-7, 1067-9, 1672 
Gas purification, srr Dry piiriflcntion of gas; 

Liquid puritication of gas 
Gas scrubbing, in mechanical washers, 1187-00, 
1237, 1239 

in static washers, 1185 7 
in towers. 1183-5, 1236 8 
theory, 1165-73 
Gas turbine, 1280 

Gasification, see also Gas iirodiicers; I’roducor 
gas; Synthesis gns; Water gas 
of pulverized coal, 1747-9 
Gasol, 1827, 1829, 1833 4 
Gasoline, su also Petroleum distillnfes 
from hydrivgonntion of coal, 1780-1, 1785 
from hydrogenation of far, 1785 91 
Geocerinlc acid from extraction of coal, 607 
Geologic age of coal, 26 
Georgs MarienliUttc producer, 1038 
Germanium In coal fur, 135Y 
Girbitol process, 990-1 
Olnnzkohle, see Coal, bright 
Glover West producer, 1654 
Glucosides from extraction of peat, (>85 
Gluud’s i’ombiimtion process, 993 4 
(voliiii Poulenc producer. 1640, 1642, 1()G2, 1668-9 
Goldsclimidt channel, 1157-8 
Goiital’s formula, 141 
Graham Stedts producer, 1667 
Grates, clitikering on, 548 54, 1497 
erosion, 554-5 

temperature of slag adhesion to, 555 
G rebel Veit or Indicator, 1272 
Griiidahillt.\, 73. 83. 151-9 
Groundmnss. see Atiritus 
Guaiacol, extraction of coal by, 738 
from carbonization of coal, 1366 
in arnmoniacal liquor, 1383 
Guillaume producer, 1667 
Giiyaqnllite, 742 
Gypsum, 485, 487-8, 572-3 

for ammonia recovery, 1057 60, 1073 

H value of coal, 64 
Hairpin-fluo coke ov<*iJ, 794, 796-7 
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HaXbimit, 7 

Halogenation of coal, 337-45, 480-1 
Hansa producer, 1667 
Hartite, 693 
Hawes burner, 1272 
Hayes mechanical grate, 1692 
Hayes process, 813 
Heat balances, In beehive coking, 776 
in byproduct coking, 818-26 
in production of water gas, 1717-9, 1746 
Heat economy in carbonization of coal, 818-26, 
848-50 

Heat transfer, in coke ovens, 828-31, 852, 854-5 
in pulverized-coal furnaces, 1562-6 
Heffner-Tiddy process, 1454-5 
Heller producer, 1747, 1852 
Hematite, 488 

Hemimellitene, from carbonization of coal, 1363 
in coal gas, 931, 940 
in light oil, 1147 
physical properties, 1147 
Hemimollitic acid from oxidation of coal, 360, 
372 

Heneicosanc from carbonization of coal, 1368 
Henry process, 597 

Heptacosane from carbonization of coal, 1368 
Heptane, extraction of coal by, 737 
from carbonization of coal, 1359 
n-Heptane, from carbonization of coal, 1360 
in light oil, 1148-4, 1147 
physical properties, 1147 
toxicity, 1418 

Heptene from carbonization of coal, 1360 
Heptene-1, In light oil, 1147 
physical properties, 1147 
Heurtey producer, idOO 
Hexacosane from carbonization of coal, 1368 
Hexahydrindene in vacuum tar, 764 
Hexahydrocresol In vacuum tar, 764 
Hexahydro-p-cresol from carbonization of coal, 
1363 

Hexahydrodurene from carbonization of coal, 
1362 

Hexahydrofluorene, from carbonization of coal, 
1366 

from extraction of coal, 742 
in vacuum tar, 762, 764 

Hexahydromesltylene, from carbonization of coal, 
1361 

in vacuum tar, 764 
Hexane, dehydrogenation, 1771 
extraction o3f peat by, 682 
n-Hexane, from carbonization of coal, 1859 
in light oU, 1143, 1147 
physical properties, 1147 
n-Hexanol, extraction of coal by, 738 
aeo-Hexanol, extraction of peat by, 682 
Hexene from carbonization of coal, 1359 
Hexene-1, in light oil, 1142, 1147 
physical properties, 1147 
Hexene-2 from carbonization of coal, 1359 


Hilt*s law, 14 
Hofannite, 693 
Hofs&ss burner, 1272 

Homocatechol, from carbonization of coal, 1366 
in ammoniacal liquor, 1385 
Horizontal thrust pressure in formation of coal, 
14-5 

Hornblende, 23, 488 
Hot actification process, 441, 982-92 
Hot car for coke ovens, 782 
Houille hrillante, see Vitrain 
Houille joliairet 5-6 
Houille graaae A courte flamme, 42, 51 
Houille graane d gaz, 110, 112-4, 116 
Houille graaae d longue flamme, 41-2 
Houille graaae et dure, 41 
Houille graaae mar^chale, 41 
Houille graaae proprement dite, 42, 51 
Houille grenue, 5-6 

Houille maigre ou anthraciteuae, 42, 51 
Houille matte, aee Durain 

Houille abche d longue /lowiwc, 41-2, 61, 109, 111 
Houille avmibrillante, aee Clarain 
HSG producer, 1662, 1608 
Hultman and Filo process, 1000 
Humates, in coal, 11, 24 
in peat, 24, 495 

Humboldt-Deutz jiroducer, 1667 
Humic acids, action of alkali on, 419 
action of solvents on, 351-2 
extraction by alkali, 70 
for ammonia recovery, 1055 
from oxidation of bitumens, 350-1 
from oxidation of coal, 347, 349-57, 654 
functional groups in, 353-6 
hydrogenolysis, 357, 393-4 
importance in briquetting, 625 
in formation of coal, 11 
in selective flotation of fusain, 591 
molecular and equivalent weights, 352 3, 356 
nitrogen in, 454 5, 478-9 
preparation and purification, 349-52 
rate of formation, 349-50 
regenerated, 347, 349 57, 654 
thermal behavior, 356 7 
ultimate composition, 353-5 
Hflsscner coke oven, 783 
Hydrlndene, from carbonization of coal, 1363 
in light oil, 1141, 1146 
physical properties, 1146 
Hydriodic acid, action on coal, 377-8, 394 
Hydroacridine, from carbonization of coal, 1368 
in high-temperature tar, 473 
Hydrocarbon synthesis, 1797-845 

catalysts for, 1797-81, X818-31, 1834 5 
Diesel oil from, 1800-2, 1833-4 
economics, 1839-45 

effect of carbon monoxide: hydrogen ratio on, 
1825 

effect of contact time on, 1826-30 
effect of diluents on, 1824-5 
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Hydrocarbon synthesis, effect of pressure on, 
1824-6 

effect of temperature on, 1830 
fatty acids from, 1833, 1838-0 
gasoline from, 1799-802, 1826, 1828-9, 1833-6 
induction period in, 1831-2 
industrial development, 1800-8 
lubricating oil from, 1800, 1802, 1835-8 
manufacture of gas for, 872-3, 1046-7, 1659, 
1802, 1804, 1806-14 

nature of products from, 1797-800, 1802, 
1824-9, 1833-9 

paraffin from, 1801-2, 1826-9, 1833-6 
reaction mechanism, 1798-9, 1830-3 
two-stage operation, 1833-4 
Hydrochloric acid, extraction of coal by, 592-3 
from carbonisation of coal, 1358 
in ammoniacal liquor, 1384 
Hydrocyanic acid, «cc aUo Cyanogen 
analytical procedures for determination, 1124-5 
bacterial oxidation, 1123 
behavior in Thylox process, 975 
concentration in carbonisation gases, 1088 
conversion to ammonia, 996-6, 1030-1, 1070, 
1120-3 

corrosive action, 1083-6 
distribution in gasworks, 1087-8 
effect on Perrox process, 973 
effect on nickel sulfur-recovery process, 972-3 
efficiency of absorption in sulfocyanlde process, 
1111 

formation from ammonia, 1014 6 
formation from pyridine, 1016 
from high-temperature carbonization, 474 5, 
943, 1011, 1018-20, 1358 
from low temperature carbonl/ation, 1016 9, 
1358 

in coal gas, 928, 932, 942-3, 1008 
in light oil, 1139, 1142, 1148 
in producer gas, 1050 

pliysicocbemical properties, 1119-20, 1148 
properties of aqueous solutions 1116 
reactions with iron compounds, 1090 1 
removal from gas with hydrogen sulfide, 943, 
966, 984. 987-8, 994-5 

suspensions of iron oxide for removal of, 1096 
toxicity, 1087 

Hydrogen, a primary product of pyrolysis of coal, 
771 

cost of production, 1840 
from blue gas, 1718-21 
from reaction of steam with iron, 1814, 1853 
in coal gas, 929-33, 1263, 1357 
purification, 1720-1 

removal from coal gas, 1244 -7, 1720, 1811 
solubility in products from hydrogenation of 
coal, 1772-3 

Hydrogen chloride, see Hydrochloric acid 
Hydrogen cyanide, see Hydrocyanic acid 
Hydrogen peroxide, action on coal, 355 
Hydrogen sulfide, catalytic oxidation, 996, 1070-1 
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Hydrogen sulfide, corrosion due to, 957 
electrolytic oxidation, 978 
in coal gas, 928-80, 032, 044-5, 947-0, 1263, 
1358 

In light oil, 1139, 1142, 1149, 1162 
in producer gas, 1648 

oxidation to sulfur, by activated carbon, 969 
by iron oxide, 960, 964, 971 
by sulfur dioxide, 997 
properties, 956, 1149 

removal by liquids, see Liquid purification of 
gas 

removal by solids, see Dry purification of gas 
removal from ammoniacal liquor, 1464-5 
removal from gas, 926, 950-1002, 1060-72 
removal from light oil, 1200-1 
removal of traces of, from gas, 998 
sulfuric acid manufacture from, 968, 098, 1072 
tests for, 951-3 
toxicity, 957 
utilization, 998 

Hydrogenation, of coal, 377-417, 1750-84, 1791- 
6 , 1840-5 

by alkali formates, 378. 393, 395, 1750 
by carbon monoxide, 378 
by hydriodic acid, 377-8, 394, 1760 
by hydrogen under pressure, ammonia from, 
480, 1774 

bases from, 379-81, 393, 400, 1770-80, 
1782 

catal.xMs for, 1751-3, 1756, 1761-75 
design ot plant for, 1791-C 
Diesel oil from, 1780 
dissipation of heat in, 1770 
economics, 1840-5 
effect of agitation in, 1761-2 
effect of catalysts in, 1761-9, 1778 
effect of coni act time in, 1775-7 
effect of pressure in, 1776-9 
effect of rank of <‘ool on, 394-6, 1757-9, 
1781-2 

effect of temperature In, 1772 0 
effect of type of coal on, 387 91, 1767-9 
effect of vehicle on, 1701-3 
flow diagrams for, 1752-3 
gas evolution in, 410-2, 1774-7 
gasoline from, 1780-1, 1785 
hydrogen absorption In, 1775-6, 1781-2 
industrial development, 1751-7 
lubricating oil from, 1780-1 
mechanism of, 397-417, 1762, 1773-6 
nature of oils from liquid-phase, 1779-84 
neutral oils from, 379-86, 1779-88 
phenols from, 379-83, 898, 400, 1779-83 
pretreatment of coal for, 1769-60 
rate of hydrogen absorption in, 401-6 
rale of liquefaction in, 404-8, 1773-4 
rate of oxygen removal in, 403, 408-10, 
1773-4 

use in classification, 73 
of tar, 1784-96, 1840-6 
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Hydrogenation, of tar, catalysts for, 1767-72, 
1785, 1788-90 
design of plant for, 1791-6 
Diesel oil from, 1791-2 
economics, 1840-5 
effect of contact time in, 1787 
effect of hydrogen : tar ratio in, 1786-7 
effect of pressure in, 1785-6 
effect of temperature in, 1785-6 
gasoline from, 1785-91 
hydrogen absorption in, 1785-6 
neutral oil from, 1788-91 
tar acids from, 1789, 1791 
tar bases from, 1789, 1791 
Hydroqulnone from carbonization of coal, 1367 
Hydro-Separator, 577 
Hydrotator, 577-8 

Ilydroxyallobetunlnol from extraction of coal, 
695 

Hydroxy anthracene from carbonization of coal, 
1369 

2-Hydroxyblphenylene oxide from carbonization 
of coal, 1369 

7-Hy(lroxycoumarone from carbonization of coal, 
1365 

2-Hydroxyfluorenp from carbonization of coal, 
1369 

4- and 6-Hydroxyhydrindene from carbonization 
of coal, 1366 

2-Hydroxyphenanthrene from carbonization of 
coal, 1870 

Hymatomelanic acid, from oxidation of coal, 357 
from peat, 685 

Hypobromlte, action on coal of, 360, 864 
Hypochlorite, action on coal of, 364 

Igneous intrusions in formation of coal, 17-8, 40 
Ignition of coal, see also Spontaneous combustion 
of coal 

correlation with solubility in pyridine, 752 
in fuel bods. 1508-10 

in pulverized-conl firing, 1526, 1544, 1547-9 
influence of moisture on, 610 
kinetics, 1520 

methods of determination, 66)1 
on chain grate stokers, 1487 
Ignition velocity of gases, 12()0 70 
lllite, 494-5 

Illuminants in coal gas, 927-8, 030, 939-41, 1253 
Imbert producer, 1667 
Improved Equipment coke oven, 794 
Impurities in coal, nee Cleaning of coal; Coal 
ash; Mineral matter in coal; Sulfur in 
coal 

Indene, from carbonization of coal, 1363 
from hydrogenation of coal, 1783 
hydrogenolysis, 415 
in coal gas, 931, 941-2, 1241 
in coal tar, 1326 
in heavy solvent naphtha, 1153 


Indene, Influence on benzol refining of, 1144, 
1204 

physical properties, 1147 
polymerization, 942 
removal from gas, 1241-2 
Indole, 460 

from carbonization of cool, 1360 
from hydrogenation of tar, 1783 
in high-temperature tar, 472-3, 1354 
Inflammability, of coal dust, 1549-50 
of gases and vapors, 1275-9 
Inhibitors of gum formation in motor benzol, 
1204 

Iodic acid, action on coal, 300 
losene from extraction of coal, 693 
Iron bacteria, 429 

Iron oxide, addition to coal for carbonization, 
1024, 1026 

as flux for coal-ash slag, 532 
for purification of gas, addition of catalysts 
to, 965 

alkaline suspensions of, 971-3, 993, 1096- 
103, 1113-4 
briquets of, 967-8 
chemieal charaeteristies, 965, 1090 
fouling of, 960, 1086, 1090 2 
mixiures with wood shavings, etc,, 961, 966, 
1000 

oxidation of liydrogen snlfide by, 960 
phjRical clmracterlslics. 963, 965, 968, 1090 
reeoverj of sulfur from, 968 
revivification, 064-5 
spent, analysis of, 1003 
Iron oxide purification of gas. 441, 050-69 
alkalinity control in, 963 4 
at elevated pressures, 968 
bacteria in. 906 
boxes for, 90)1 2 
gas velocities in, 962 
humidity control in, 963 
oxygen reejuirements for, 960-1, 964 
removal of hydrocyanic acid in, 1088 9 
rotation of boxes in, 9<!1 
sulfur ncciiinulation in, JKil 2 
temperature control in, 963 
thiocyanate formation in, 1092 
Thyssen-Lenze towers for, i>61, 966 8 
Isobutane in coni gas, 929, 931, 938 
Isobutanol, extraction of peat by, 682 
Isobutene in coal gas. 931 

Isobutylacetylene from carbonization of coal, 
1359 

Isodurene, from carbonization of coal, 1364 
in heavy solvent naphtha, 1153 
in light oil, 1147 
physical properties, 1147 
Isohomocatechol, from carbonization of coal, 
1365 


in ammonlacal liquor, 1385 
in light oil, 941, 1141, 1146-7, 1320 Isononane, synthesis of, 1798 
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Isophthalic acid from oxidation of coal, 366-6, 
872 

Isopropanol, extraction of coal by, 737 
extraction of peat by, 682 
Isopropylttcetylene from carbonization of coal, 
1358 

Isopropylbenzene, in light oil, 1145-6 
physical properties, 1146 
4-Isopropylidenecyclohexanone from extraction of 
coal, 694 

Isopseudocumenol from carbonization of coal, 
1365 

Isoquinoline, 461, 466 

extraction of coal by, 751 
from carbonization of coal, 1366 
from hydrogenation of coal, 479, 1783 
in high-tempera in re tar, 471, 473, 1352 
in peat tar, 470 

recovery from crude pyridine, 1134 
IT diagram, 1515 

Jacques fuel cell, 419, 1570 
Jayet, 41 
Jigs, 575-6 

Kaolin, 487-8, 572-3 
Kaolinite, 23, 485, 487-9, 494-5, 505 
Katasulf process, 969, 995-7, 1006-7, 1070-1 
“Kero” bases, 461-6 

Knowles coke oven, 811 ; >*c( al»o Ciirran Knowles 
coke oven 

Knublau(‘h process, 1096-9 
Kocla producers, 1661-2, 1667 
Kogaaln, 1800, 1833-4, 1836 7, 1844 
Roller producer, 1666 
Koppers-Becker coke oven, 794, 796, 800 4 
Koiipers cross regenerative coke oven, 785, 788- 
90 

Koppers dephcnollzation process, 1152-4 
Koppers double-divided coke oven, 790-3 
KopiJcrs-Kcrpely producer, 1658, 1666 
Koppers producer, 1635, 1645, 1647, 1718 
Koppers recirculation coke oven, 832 
Koppers sleam-decoinposition meter, 1708 
Koppers-von Ackeren continuous vertical coke 
oven, 808 10 

Kramer-inill firing of coal. 1539 
Kyanite, 23, 488 

Lame ft via Ires j 5—6 
Lane process, 1814 
Larry cars for coke ovens, 779-80 
Lea-Nurse method, 152, 882 
Lenze proeesa, 1235 
Lepidine, 461, 466 
Lessing process, 581 
Leucoline, see Quinoline 
Leveling bar for coke ovens, 779 
Light oil, see also Benzol; Toluol, ete, 
analytical procedures for, 1231 
carbon disulfide in, 945, 1139, 1141-2, 1149, 
1162 


XCi 

Light oil, commercial distillates, 1149-54 
composition, 939-40, 1136, 1139-50 
effect of rate of heating on yield of, 843-7, 
1156 

effect of stt'amiiig on ykdd of, 1027 
effect of temperature on composition, 1293 
effect of temperature on yield of, 841, 843-7, 
1165, "295-6, 1299-301^ 
formation, 1154-8 
In coal gas. 920, 1136, 1253 
in coal tar, 1326 
low-temperature, 1140 
methods for increasing yields of, 1156-8 
nomenclature, 1140-1 

paraffin hydrocarbons in, 938, 1141, 1143-5, 
1147 

phj'sical properties of constituents, 1146-9 
production of, in United States, 1136-9 
pjridine in, 1132, 1144, 1148 
pyridine recovery from, 1132, 1148, 1207, 

1221-2 

thiophene in, 946, 1141 1143-4, 1149, 1166 
yields, 940, 1136 

Light-oil recovery from gas. 926, 1136-7, 1139, 
1158-98 

by simple condensation, 1159-60 
eresol for, 1182 

dependence on wash-oil eireulation, 1168-72 
dependence on wash-oil temperature, 1170, 
1173-4 

mechanienJ washers for, 1187-90 
petroleum oils for, 1175 6 
plant practice in. 1191-7 
sludge formation In, 1176 7 
static washers for, 1185-7 
tar oils for, 1176, 1178 82 
tetrnlln for, 1182 3 
lower scrubbers for. 1183-5 
with liquid absorbents, 1164-98 
with solid adsorbents, 1160-4 

Liglit-oil refining, 1136, 1198-231 
acid sludge recovery in. 1206 
activated carbon in. 1222 
activated clay in, 1222 

carbon disulfide removal In, 1201 2, 1227-8 

chlorides for, 1223 

continuous plant for, 1212-20 

dcodorization of products of, 1212 

emulsion troubles in, 1208 

ferric sulfate in, 1221 

fractional distillation of, 1198-220 

fuller’s earth in, 1222 

Gray process for, 1222 

halogen acids for, 1223 

halogens for, 1222 

hydrogenation methods, 1224-5 

oxidation methods, 1223-4 

removal of paraffins In, 1212 

semi-continuous plant for, 1199-212, 1219 

silica gel in, 1221 

solid adsorbents in, 1221-2 
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Llght-oll refining, still residues from, 1211-2 
sulfuric acid In, 1198-9, 1204-6, 1217, 1220-1 
thiophene removal in, 1228-31 
Ufer process for, 1208-9 
use of inhibitors in, 1198, 1204 
Lignin, action of aqueous alkali on, 420 
hydrogenation, 896 
in formation of coal, 10-2 
in peat, 685 
oxidation, 366 

Lignoprotein complexes, 456 
Lime, for activating coke, 1023-4, 1026, 1649, 
1702 

for ammonia distillation, 1034, 1389, 1391-2 
for cyanogen recovery, 1095-6, 1110 
for dry purification of gas, 959, 965, 1089 
for purification of ammoniacal liquor, 1468 
Limestone for fluxing coal-ash slag, 532-3, 1637 
Limits of inflammability of gases and vapors. 
1275-9 

Limonite, 487-8 
Liptobioliths, 7-8 
Liquid-phase gum, 941, 1241 

Liquid purification of gas, absorption-desorption 
processes for, 982-92 
Alkacid process for, 991 

alkaline suspensions of iron oxide for, 971-3, 
993, 1096-103, 1113-4 
ammoniacal liquor for, 959, 970-2, 975 
Bueb process for, 1097, 1103-6 
Burkheiser process for, 970, 993, 997, 1063 5, 
1113 

calcium ferrocyanide process for, 1101-3 
C.A.S. process for, 442, 994-5, 1069-70 
cyanogen removal in, 1109, 1117-9 
diaminopropanol for, 990 
ethanolamines for, 990 1 

Fold process for, 442, 970, 992-3, 997, 1060-3, 
1106, 1113 

Ferrox process for, 443, 971-2, 1113-4 
(lirbitol process for, 990 

Gluud’s combination process for, 993-4, 1067 
8 

Iliiltman and Pilo process for, 1000 
Katnsulf process for, 969, 995-7, 1006-7, 

1070-1 

Knublauch process for, 1096-103 
milk-oMime for, 959, 1095-6, 1110 
miscellaneous processes for, 992 
Nickel process for, 443, 971-3 
organic bases for, 990-1 
Petit process for, 1000, 1113 
phenolate process for, 991 
Pieters process for, 973 
Seaboard soda process for, 984-6, 1112-3 
Staatsmljnen-Otto process for, 973 
steam actlflcation in, 988-91 
thionate process for, 992-3, 1062-3, 1069-71, 
1113 

Thylox process for, 973-81, 1114; see also 
Thylox process 


Liquid purification of gas, tripotassium phos¬ 
phate for, 991 

use of nonferrouB salts in, 1106-9 
vacuum carbonate process, 985, 987-8 
Loess process, 580-1 
Low-dlflferentlal coke oven, 794 
Low-temperature carbonization, 774-5, 812-4 
analysis of gas from, 928-9 
applicability to American Industry, 812-3 
economics, 813-4 
Hayes process, 813 
tar from, 1291, 1298, 1296-304 
Wisner process, 813 

Lurgi producer, 1631-2, 1634-6, 1646-7, 1663-4, 
1669, 1811 

Lutidine, extraction of coal by, 735 
from hydrogenation of coal, 1782 
in coal gas, 932, 944 
in high-tempernture tar, 472, 1326 
2,6-Lutidine, in coal gas, 1131 
in coal tar, 1351 
purification, 1351 
Lymn-Rambush grate, 1692 

Maccrals, 95-6, 98, 105 
Magnesium carbonate, 487 

Magnesium chloride, addition to coal for carboni¬ 
zation, 1024 
Magnetite, 488 
Malbay producer, 1667 

Maleic acid from oxidation of coal, 360, 366 
Manganese dioxide for dry purification of gas, 
966 

Marcasite, 23, 430, 437, 445, 487, 495 
Marischka producer, 1666 
Mattkohle, sec Cool, dull 
M.B.l. process, 580 
Melanoids, 452, 455 

Melene, from carbonization of coal, 1368 
from extraction of coal, 743 
in vacuum tnr, 764 

Melissic acid from extraction of coal, 699 
Mellitic acid, from oxidation of coal, 72, 360-6, 
369, 371-5, 714 

from oxidation of coke. 368 71, 906 
Mellophanic acid from oxidation of coal, 372 
Menzies cone, 577-8 

Merenptuns, see also individual compounds 
absorption by wash oil, 1004 
from carbonization of coal, 446, 932, 945-6 
in coal gas, 945-6, 949-50 
physical properties, 1002-3 
removal from light oil, 1201 
tests for, 954 
Mercury in coal tnr, 1357 
Mesitol from carbonization of coal, 1365 
Mesitylerie, extraction of peat by, 682 
from carbonization of coal, 1362 
from extraction of coal, 713 
in coal gas, 931, 940 


, In light oil, 1146 
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Mesitylene, physical properties, 1146 
Mesityl oxide, extraction of coal by, 733 
Metallic soaps for removal of traces of hydrogen 
sulfide, 098 

Methane, formation in gasification, 1606-8, 1709 
in coal gas, 927, 920-31, 937, 1268, 1357 
oxidation, 1812-3, 1852-3 
reaction with ammonia, 1014-6 
Methanol, extraction of coal by, 721 
extraction of peat by, 682 
from carbonization of coal, 1359 
in ammoniacal liquor, 1383, 1386 
purification, 1865-6 
synthesid, 1846-68 
apparatus for, 1854-5 
catalysts for, 1846-7, 1851, 1856-68 
pressure range for, 1847 
process patents on, 1851 
production of gas for, 1718-21, 1851-3 
purification of gas for, 1853-4 
temperature range for, 1847 
thermal decomposition, 1856-66 
Methanol equilibrium, 1848-51 
Methyl acetate, extraction of peat by, 682 
Methylacridine in peat tar, 470 

1- Methylallene from carbonization of coal, 1358 
Methylaniline, extraction of coal by, 735 
Methylanthracene, from extraction of coal, 744 

from hydrogenation of coal, 883, 1780 
in coal tar, 1341 

2- Methylanthrucpne from carbonization of coal, 

1369 

Methyl benzoate, extraction of coal by, 738 
o-Methylbenzoic acid from carbonization of coal, 
1367 

1- and 2-Methjlbutndiene from carbonization of 
coal, 1358-9 

Mcthylbutune from carbonization of coal, 1358 
Methylcarbazole in coal tar, 1341 
2 and 3-Methylcarbazole, from carbonization of 
coal, 1369 

In higli-temporature tar, 473 
Methyl couraarone in light oil, 1148 
3*, 4-, 5 , and 6-Melhylcounmronc from onrboiil 
zatiou of coal, 1363 4 
Methyl cyanide, sec Acetonitrile 
Methylcyclohexane, from carbonization of coal, 
1360 

from hydrogenation of coal, 1779, 1784 
from hydrogenation of tar, 1790 
In light oil, 1144, 1147 
physical properties, 1147 
Methylcyclopentyldlhydromethylpyridine, 462 
1-Methyldccalin from carbonization of coal, 1364 

3- and 4-Methyldiphenyl from carbonization of 

coal, 1367 

Methyldiphenylamine, extraction of coal by, 735 
1- and 2-Methyldiphenylene oxide from carboni¬ 
zation of coal, 1368 
Methyldisulfide in coal gas, 947 


xciii 

Methylethylacetylene from carbonization of coal, 
1359 

Methyl ethyl ketone, extraction of coal by, 737 
from carbonization of coal, 1359 
in ammoniacal li<|Uor, 1386 
in light oil. 1143, 1147 
physical properties, 1147 

4-Methyl-2- and 3-ethylpyridioe in peat tar, 470 
Methylfluorene from hydrogenation of coal, 888 
2 - and 3-Methyltluorene from carbonization of 
coal, 1368 

Methyl heptyl ketone from carbonization of coal, 

1363 

4-Metbylhydrindene from carbonization of coal, 

1364 

Methjlindenc in light oil, 1147 
4 Methylindene from carbonization of coal, 1364 
Methyl indide In ammoniacal liquor, 1386 
2 -, 3-, 4-, 6-, and 7-Methylindole, from carboni¬ 
zation of coal, 1367 
in high-temperature tar, 471-3 
Methyllsocyanide from carbonization of coal, 
1359 

4-Methyl-3-isopropylpyridiiie in peat tar, 470 
1- and 3 Methylisoqiiinollne, from carbonization 
of coal, 1366 

in high temperature tar, <73, 1352 
6 - and 7-Metliyli8oqulnollne, from carbonization 
of coal, 1367 

in liigh-tempernture tar, 472 
6 Methylisoqninoline from carbonization of coal, 
1307 

Methyl mercaptan, from carbonization of cool, 
1358 

in coal gas, 032, 947 
in light oil, 1142, 1149 
physical properties, 1002 3, 1142, 1149 
Methylnnphtbnlene, from hydrogenation of coal, 
383 

hydrogeuolysis, 413 5 
in cool gas, 931, 940 
in coal tor, 1320, 1336-7 
in heavy solvent naphtha, 1153 
uses, 1336-7 

1- and 2 Methyliinphthnlene, from carbonization 

of coal. 1366 
in coal tar, 1320-7, 1335 
piirlllcatlon, 1336 

Methylnonylcnrblnol from cnrltonization of coal, 

1365 

2- and S-Metlijlpentone from carbonization of 

coal, 1359 

2 Methyl 2,3-pen tone from oarbonizatiou of coal, 
1859 

Methyl pentosans from extraction of peat, 685 
1-, 3-, and 9 Metbylphenonthrene from carboniza¬ 
tion of coal, 1369 

Methylpropylacetylene from carbonization of coal, 
1300 

Methyl n-propyl ketone from carbonization of 
coal, 1360 
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Methylpyrene from hydrogenation of coal, 388, 
1780 

Methylpyrldine, In high-temperature tar, 471 
In light oil, 1145 
2-Methylpyridine, 466 

in ammoniacal liquor, 470 
in high-temperature tar, 473 
in light oil, 1148 
In low-temperature tar, 470-1 
physical properties, 1148 
8 -Methylpyridine, in hlgh-temporature tar, 473 
in light oil, 1148 
physical properties, 1148 
4-Methylpyridine, 466 

In high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470 
physical properties, 1148 
Methylquinoline, fractionation, 1352 
In peat tar, 470 
uses for, 1354 

2- Methylqulnoline, 461, 466 
extraction of coal by, 735 
from carbonization of coal, 1366 
from hydrogenation of coal, 479, 1779 
In high-temperature tar, 473, 1352 

in low-temperature tar, 470-1 

3- , 4-, 6-, 6-, 7-, and 8-Methylqninolinc, from car¬ 

bonization of coal, 1366-7 
in blgh-temperature tar, 472-3, 1352 
Methyl salicylate, extraction of coal by, 738 
Methyl sulfide in coal gas, 982 
Methylthionaphthene from carbonization of coal. 
1366 

Methyl!hiophene, in coal gas, 947 
In light oil, 1144 

2- and 3-Melhylthiophene, from carbonization of 
coal, 1360 
In light oil, 1149 
physical properties, 1149 
p-Methyl tolyl ketone from carbonization of coal, 
1365 

Micronite, 99, 102 

Micum tumbler test, 883, 886-90 

Middletonite, 742 

Mid-temperature carbonization, 775 
Milk-of-lime for purification of gas, 959 
Mine water, acid content of, 430 
Mineral charcoal, see Fusain 
Mineral matter in coal, acv also Coal ash 
composition, 23-4, 480-J)3 
effect on classification, 62-5 
effect on rate of oxidation of coal, 641 
extraction, 66, 455-8, 592-3 
occurrence, 485-6 
origin, 22-4, 493 
removal, 485, 683-6, 589 
X-ray investigation, 332-3 
Miroitantes brilliantcs, 5 

Mixed solvents, extraction of coal by, 692, 694, 


704-6, 708-9, 729, 731-8, 735, 761, 1761. 
1776 

Mixed solvents, extraction of peat by, 679-81, 
688 

Moisture in coal, 600-26 
comparison of methods of determination, 605-7 
direct methods of determination, 603-5, 
effect on briquetting, 623-6 
effect on bulk density, 620-2, 853-4 
effect on carbonization, 623, 822, 848, 850-7 
effect on combustion, 619-20 
effect on dielectric constant, 602 
effect on electrical conductivity, 319 
effe<*t on grindability, 620 
effect on specific gravity, 313 
effect on specific heat, 324, 008 
effect on thermal conductivity, 323 
effect on X-ray diffraction, 334-6 
heat of absorption, 675 
heat of vaporization, 618-9 
indirect methods of determination, 601-3 
mechanism of retention of, 608-15 
quantitative determination, 600-8 
role in eoalification, 615 
use In classification, 61-2, 616-7 
Mond process, 475, 477, 1028-30 
a- and i9-Monomethylnaphthalene, sec 1- and 
2-Methylnaphthalene 
Montan wax, composition, 696 700 
distillation, 696-7 
from extraction of coal, 091-2 
from pyropissite, 692 
oxidation, 095-6 
properties, 692 -3, 695- 7 
resin content, 692-3 
saponification, 695 
uses, 691 

Montanic acid, chemlenl struclure, 697 700 
from montan wax, 696 7 
Montanone from extraction of coal, 690 
Morpholine, extracli<m of coal by, 738 
Motor benzol, see Benzol 
Multibasic coal charts, 54, 66-8 
Muscovite, 23, 487-8, 505 
Myricyl alcohol from extraction of coal, 698 

Naphthacene, from carbonization of coni. 1369 
In coal tar, 1341 

Naphthalene, crystallization, 1333 

deposition in gas distribution systems, 1233 
effect of temperature on yield of, 1295, 1300 
extraction of coal by, 735, 737-8 
fouling of oxide boxes by, 966 
from carbonization of coal, 1365 
from hydrogenation of coal, 1780 
hydrogenolysis, 413-4 
in coal gas, 931, 1232-3 
In heavy solvent naphtha, 1153 
in light oil, 940, 1141, 1146-7 
in pure ammonia liquor, 1401 
percentage in tar, 1323-4, 1326-7 


Volume I, pages 1-920; Volume II, pages 921-1868. 



SUBJECT INDEX 


xcv 


Naphthalene, physical properties, 1147 
production statistics In United States, 1830 
removal from coal gas, 1282-41 
toxicity, 1417 
typical yields, 1309 
uses, 1329-33 

Naphthenes, from extraction of coal, 743-4 
from hydrogenation of coal, 1781, 1783-4 
from hydrogenation of tar, 1785, 1790 
from vacuum distillation of coal, 743-4 
in light oil, 1144-5 

in tar, effect of temperature on yield of, 1295, 
1297-301 

synthesis, 1798, 1883 

Naphtho-2',3"-l,2*anthracene from carbonization 
of coal, 1370 

o- and i8-Naphtho£urane from carbonization of 
coal, 1367 

Naphthol, extraction of coal by, 751 
a-Naphthol, extraction of coal by, 738 
from carbonization of coal, 1367 
/3-Naphthol from carbonization of coal. 1368 
1- and 2'Naphthonltrile, from carbonization of 
coal, 1368 

in high-temperature tar, 473 
Naphthylamine, from hydrogenation of coal, 1783 
in high temperatiire tar, 472 
1- and 2-Naphthylamine, from carbonization of 
coal, 1368 

in liigh-temperature tar, 473 
National producer, 1621, 1643 
Nedelmann tromniel test, 889 
Neumann reversal reaction, 1599 
Nickel oxide for purification of gas, 970 
Nickel sulfur-recovery process, 443, 971-3 
Nicotinic acid from oxidation of coal, 350, 479 
Niggerheads (coal balls), 86, 427, 429, 495 
Nitric acid oxidation of coal, 347, 349, 355, 359, 
361-2, 369 

Nitric oxide, in coal gas, 931, 930-7 
in light oil, 1102 
removal from gas, 9G6, 1249- 50 
p-Nitroaniline, extraction of coal by, 751 
Nitroboiizonc, extraction of coal by, 738, 751 
Nitrogen, in bone coal, 1008 
in coal, 450-84 

behavior on combustion, 477 8 
determination, 451, 468-9, 1009, 1018 
distribution of, in carbonization products, 
467-77, 1008, 1010-8 
In chlorination ijroduets, 480 1 
in gasification products, 477 
in hydrogenation products, 479—80, 1011 
in hydrolytic products, 481 
in vacuum distillation products, 459-61, 
1010 

extraction by acids, 456-7, 1010 
extraction by solvents, 458-9, 1010 
occurrence, 450-1, 1008 
origin, 461-4, 1009-10 
resistance to oxidation, 478-9 


Nitrogen, in coal, similarity to nitrogen in pe¬ 
troleum, 461-7 
variability, 450-1, 457 
volatile, 468-9, 474 

In coal gas, 927, 929-31, 93^-4, 1008, 1018-20, 
1253, 1357 

in coke, 474-6, 478, 481-4, 1018-20, 1026 
removal, by heat, 481-3 

by hydrogen treatment, 483, 1024-7 
by steaming, 476, 477, 482, 1025-7 
in peat, 1008-9 
in petroleum, 401-7 
in tar, 1018-9 
in wood, 461, 1009 

Nitrous oxide in producer gas, 1649-50 
Nonacosune from carbonization of coal, 1369 
Nonadecane from carbonization of coal, 1868 
Nonane, synthesis, 1798 
n-Nonaue from carbonization of coal, 1361 
Nonylene from carbonization of coal, 1361 
Normal banded coal, 5, 7-9, 35-6, 89-90 

Octaeosane from carbonization of coal, 1308 
Oetadecane from eurbouizatlun of coal, 1308 
Octane, from carbonization of coal, 1360 
synthesis, 1798 

n Octane, from cnrbonlzatieu of coal, 1360 
in light oil, 1144, 1147 
physical properties, 1147 
Octene from carbonization of coal, 1360 
Oil shale, origin, 21 

Oil treatment of coal, for carbonization, 850, 
1150-7 

for dustproofing, 598-9, 623 
Oletins, see also individual vampovndtt 
from hydrogenation of coal, 1781, 1783 
from hydrogenatitm of tar, 1785 
in light oil, 1343-5, 1147, 1295 
in tar, 1295, 1297-301 
oxidation to acids, 1839 
synthesis, 1797-8, 1825, 1833-5 
Oleic acid from extraction of coal, 704 
Olein, extraction of coal by, 751, 755 
Opaque attritus, 0, 29 30, 33-4, 88, 302 
hydrogenation of, 387-91, 395, 1758 
Organic sulfur, absorption by wash oil, 1004 
analysis of gas for, 953-4 

conversion to hydrogen sulfide, 1005-0, 3 810 7 
conversion to sulfur dioxide, 1000-7, 1810 
in coal, sec Sulfur in coal, organic 
in coal gas, 947-50 

removal from gas, 1003-5, 1720, 1799. 1815-8 
sulfided lim<‘ for removal from gas, 1003 
Origin of coal, see aUo Formation of coal 
allochthonous theory, 3-4 
lignin-cellulose controversy over, 11-2 
McKenzie Taylor theory, 10 
peat swamp tlieory, 3-11 
transportation tlieories, 3-4 
Ott burner, 1272 
Otto coke oven, 783, 794, 790-9 
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Otto-Hoffmann coke oven, 783, 785 
Ougree-Maribaye process, 581 
Overfeed burning, 901-4 
Oxahumins, 749 

Oxalic acid, from alkali-fusion of coal, 419 
from carbonization of coal, 1363 
from oxidation of coal, 360-6, 368-9, 372-5, 
713 

in ammonlacal liquor, 1384 
Oxidation of coal, see aUo Oxidized coal 
activation energy, 643, 645, 1520 
benzene from products of, 362 3 
by acid fhlorate, 859-60 
by acid chromate, 359 
by acid permanganate, 339-40, 359-60 
by alkaline permanganate, 71, 349, 355, 367- 
76 

by Caro’s acid, 860 
by chlorine dioxide, 300 

by gaseous oxygen, 347, 349, 355, 364-7, 636- 
66 , 1519-20 

by hydrogen peroxide, 365 
by hypobromlte, 300, 304 
by hypochlorite, 364 
by iodic acid, 360 

by nitric acid, 347, 349, 355, 359, 361-2, 309 
by ozone, 361 
by sulfuric acid, 359 
carbon monoxide formation in, 349 
characteristic rote, 641, 648-9, 658 
dependence of rate on particle size, 639-40, 
645-7 

effect of ash on rate, 041 

effect of oxygen concentration on rate, 648 

effect of temperature on rate, 642-6 

effect on agglutinating properties, 668-9, 800 

effect on analysis, 669-70 

effect on carbonization, 662, 668, 813 4, 854, 
859-62 

effect on extraction by solvents, 754 

electrolytic, 355 

fiuorene from products of, 362 

heat developed by, 658 61 

humic acid formation in, 349-57, 654, 071 

in acid media, 358-63 

in alkaline media, 363-75 

influence of moisture on rate, 652 

mechanism, 658-6 

naphthalene from products of, 362 

peroxide formation in, 348 

rate, 636-66, 1519-20 

soluble acid formation In, 357-76 

stages, 846-7 

surface, 346-9 

Oxide boxes, see Iron oxide purification of gas 
Oxidized coal, adsorption of bases by, 348 

carbonization, 682, 636, 662-8, 673-4, 813-6, 
854, 859-62, 1023 
combustion, 630, 674 
hydrogenation, 894 
ignition of, 661 
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Oxidized coal, moisture absorption by, 632 

plastic properties, 173, 180, 190, 195, 200, 
206-8, 211-2, 216, 219, 222-7, 292-4 
sulfates In, 428, 430 

Oxygen, for enrichment of producer blast, 1629- 
85 

in coal gas, 929-31, 934, 1253, 1357 
Ozone, action on coal, 361 

oxidation of ammonlacal liquor by, 1466 

Paleobotany, 26, 115-28 
Panhard producer, 1667 

Paraffin hydrocarbons, see also Hydrocarbon syn¬ 
thesis and individual compounds 
effect of temperature on yield in tar, 1295, 
1297-301 

from hydrogenation of coal, 1780-3 

from hydrogenation of tar, 1785, 1789 

in coal gas, 928, 931, 938 

in light oil, 938, 1141, 1148-5, 1147 

oxidation to acids, 1838-9 

removal from benzol and toluol, 1212 

synthesis, 1797-839 

Paraldehyde from carbonization of coal, 1360 
Parker-Russell coke oven, 794 
Parr process, 848 
Peat, acid extraction, 455-7 

action of aqueous alkali on, 419 
ummoniation, 1055 
ash content, 493-4 
bases from carbonization, 470, 476 
cellulose in, C85 
formation, 8 10, 494-5 
gasification, 1029-30 
lignin in, 685 
mineral matter in, 493-4 
nitrogen In, 450, 453, 455-7, 474, 476 
solvent extraction, 679-90 
Pennitite, 488 

Peiitneosane from carbonization of coal, 1368 
Pentacosoic acid from extraction of coal, 699 
Pentamethylcyelohexane from carbonization of 
coal, 1363 

n Pentane, from carbonization of coal, 1358 
in light oil, 1142, 1147 
physical properties, 1147 
toxicity, 1418 

Pentanol, extraction of peat by, 682 
Pentatriacontane from extraction of peat, 688 
Pentene-1, from carbonization of coal, 1359 
in light oil, 1147 
physical properties, 1147 
Pentene-2 from carbonization of coal, 1358 
Pentosans from extraction of peat, 685 
Perhydroacenaphthene from carbonization of 
coal, 1366 

Perhydrodiplienyl from carbonization of coal, 
1365 

Perhydrofluorene from carbonization of coal, 
1365 
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Permaiiganates, action on coal, in acid media, 
339-40, 359-60 

in alkaline media, 71, 849, 855, 367-76, 
713-4 

Perylene from carbonization of coal, 1370 
Petit process, 1000, 1113 

Petrographic constituents of coal, see Coal types 
Petrography, 27-88, 86-131 
Petroleum distillates, extraction of coal by, 702, 
704, 714, 755 

extraction of peat by, 681-2 
Petrology, see Petrography 

Phenanthradine, from carbonization of coal, 
1369-70 

in high-temperature tar, 473 
Phenanthrene, extraction of coal by, 735 
from carbonization of coal, 1368 
from hydrogenation of coal, 1780 
in coal tar, 1326-7, 1335, 1339 
purification, 1339-40 
uses, 1340 

4,5-Phenanthrylenemethane from carbonization of 
coal, 1369 

Phenetidine, extraction of coal by, 735 
Plienol, see also Phenols 

extraction of coal by, 725, 727, 733-5, 737-8, 
741 

extraction of peat by, 684 

from carbonization of coal, 1363 

in ammoniacal liquor, 1381-6, 1445-6 

in coal gas, 932, 942 

in coal tar, 1326-7, 1343-4 

in light oil, 1148 

physical properties, 1148 

production statistics in United States. 1345 6 
toxicity, 1417 8 
uses, 1347-50 

Phenolate process, 441, 443, 991 
Phenols, see also Tar acids and individual com¬ 
pounds 

biological decomposition, 1419 21 

determinati(ni in ammoniacal li({i]or. 1473 8t) 

effect of ammonia on vaimrizaf ion, 1455 

from extraction of <*oul. 743-7 

from hydrogenation of coal, 379, 1779 83 

from hydrogenation of tar, 1790 

from hydrolysis of coal, 420-3 

from vacuum distillation of coal, 763, 771-2 

Ijydrogouation. 1770-1 

hydrogenolysis, 415 

ill ammoniacal liquor, 1379-82, 1384 7, 1393, 
1445 

oxidation by chlorine, 1461 
recovery from ammoniacal liquor, 1372 
removal from ammoniacal liquor, 1372, 1442- 
62 

stream pollution by, 1371-3 
toxicity, 1417-8 

Phenyl benzoate, extraction of coal liy, 738 
Phenyl ether, extraction of coal by, 738 
Phenyl hydrazine for purillcatlon of gas, 991 


xcvii 

2-Phenylnaphthalene from carbonization of coaU 
1369 

© Phenyl phenol, extraction of coal by, 78T-8 
from carbonization of coal, 1887 
Phenyl salicylate, extraction of coal by, 788 
Philipon slagging producer, 1587, 1688-9, 1642, 
1661, 1852 

Phosphoric acid for neutralization of ammonia, 
1073, 1410 

Phosphorus, balance In coke-oven operation, 1881 
in ammoniacal liquor, 1381 
in coal pyrite, 439 

removal by coal cleaning, 672-8, 586 
Phthalie acid from oxidation of coal, 365-6, 372, 
714 

Phthalie anhydride, 1330-2 
Phyternls, 98, 106 

Plcene, from carbonization of coal, 1370 
from hydrogenation of coal, 383, 1780 
PIcoline, extraction of coal by, 735, 753 
from hydrogenation of coal, 1782 
in coal gas, 932. 944 
in high-temperature tar, 472, 1326 
aPicoline, in ammoniacal liquor, 1384 
in coal gas, 1131 
in coal tar, 1351, 1361 
recoviTy from crude pyridine, 1133-4, 1351 
jS-Picollne, from carbonization of coal, 1361 
in coal gas, 1131 
in coal tar, 1351 
piirilicntiou, 1351 
uses, 1353 

7 l*icollne, from carbonization of coal, 1861 
in coal gas, 1131 
in coal tar, 1351 
purification, 1351 

IMcric acid from oxidation of coal, 362-3 
Pierson producer, 1655 
Pieters process, 973 
Pine oil, extraction of coal by, 733 
Piiitsch-Hillebrand producer, 1636, 1644, 1647, 
1668-9, 1748, 1810 
IMntsch producer, 1617 
Piperidine, extraction of coal by, 735 
IMtcb, efft‘ct of carlxuiizatlon temperature on 
yield of, 1295, 1298-301 
effect of c(»al moisture on yield of, 857 
effect of nature of coal on yield of, 1292 
effect of tar dislillution temperature on yield 
of, 1321 

oxidation, 370, 374 
percentage of, in tar, 1323 4, 1326 
Pitch coke, 1323-4 
IMaiit alkaloids in coal, 454 5 
Plastic layer, see Coal, plastic properties 
Plasticity of coal, see Coal, plastic properties 
Plastometer, Davis, 220-1 
(iieseler, 220, 223, 227-8 
Griffon and Storch, 167-8 
Macura, 229-30 
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Polysulfldes for removal of carbon disulfide from 
gas, 1004 

Polyth Iona te process, 442 
Porphyrins in coal, 454-5 

Potassium carbonate for purification of gas, 1000 
Pott-Broche process, 709, 729, 731-2, 735, 1761, 
1776 

Preheating of coal, effect on expansion, 252-3, 
255, 259 

effect on plastic properties, 197, 206-8, 211—2, 
216, 219, 223, 840, 850-7 
effect on rate of coking, 839, 848-55 
for carbonization, 668, 839-40, 848-59 
Prehnitene from carbonization of coal, 1364 
Prehnitic acid from oxidation of coal, 372, 874 
Preoxidation of coal for carbonization, 668, 813- 
6 , 854, 850-62 ; gee algo Oxidation of coal 
Pressures in coke-oven flues, adjustment, 792-4 
survey, 793, 802 
Prochlorite, 487-8 
Producer gas, ammonia in, 1649 
combustion properties, 1650 
effect of oxygen concentration of blow on com¬ 
position, 1641-2 

effect of steam: oxygen ratio on composition, 
1034-5 

effect of velocity of blow on composition, 
1640-2 

from pressure operation of producers, 1631-2 
hydrocyanic acid in, 1650 
industrial beating with, 1653-5 
methane formation In, 1606-8 
nitrous oxide in, 1049-50 
sulfur compounds in, 1648-9 
typical compoHltioiis, 1648-50 
use in combustion engines, 1055-6 
I*roducers, see Gas producers 
Propane, in coal gus, 929, 931, 938, 1253, 1358 
synthesis. 1798 

n-Propanol, extraction of coal by, 737 
extraction of peat by, 682 
Propene, gee Propylene 

Propionic acid, from carbonization of coal, 1361 
from oxidation of coal, 361 
in ammoniacal liquor, 1384, 1386 
synthesis, 1838 

n-Propyl acetate, extraction of coal by, 737 
extraction of peat by, 682 
I’ropylacetylene from carbonization of coal, 1359 
Propylbenzene, in cool gas, 931, 940 
in heavy solvent naphtha, 1153 
n-Propylbenzeno, from carbonization of coal, 1302 
in light oil, 1146 
physical properties, 1146 
Propylene, in coal gas, 929, 931, 939, 1253, 1358 
synthesis, 1798 
Proteins, in coal, 455, 457 

in formation of coal, 12, 451-3 
in humic acids, 455 

Protocatechuic acid from oxidation of coal, 360 
Pro-vitrain, 95 
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Pseudocumene, from carbonization of coal, 1362 
in coal gas, 931, 940 
in heavy solvent naphtha, 1153 
in light oil, 1146 
physical properties, 1146 
Pseudocumenol from carbonization of coal, 1365 
Pulverized-coal combustion, see Combustion of 
pulverized coal 
Pulverized-coal engine, 1540 
Pulverizers, development of, 1533-7 
eflBciency of commercial, 135 
factors affecting capacity, 157-9 
Purification of gas, gee Dry purification of gas ; 

Liquid purification of gas 
Pushing machines for coke ovens, 781 
Pyrene, from carbonization of coal, 1370 
from hydrogenation of coal, 382, 1780 
in coal tar, 1340-2 
pyrificatlon, 1342-3 
uses, 1343 

Pyridine, absorption by base-exchange materials, 
1057 

absorption by coal, 175, 213. 753 
analytical procedures for determination, 1135 
complex salts of, 1134 
composition of crude, 1131, 1133-4 
conversion of its Inunologs to, 1135 
determination in ammoniacal liquor, 1469-70 
extraction of coal by, 175, 671, 705, 715, 724, 
727, 733, 735, 738, 74.3-4, 748-58 
fractionation of crude, 1131, 11,33-4 
from carbonization of coal, 1016-7, 1020, 1360 
from hydrogenation of coal. 1780, 1782 
from oxidation of coal, 478 9 
from pyrolysis of \nemiin tar, 1016 
ill ammonia still waste, 1126 7 
in ammoiiiai'al liquor, 470, 1384, 1386 
in ammonium sulfate, 1046 7, 1052, 1120 
ill coal gas, 932, 944, 1008, 1021. 1125-6 
ill high-temperature tar, 471 .3, 1021, 1126, 
1326 7, 1350 

in light oil. 1132, 1144, 1148 

in low-temperature tar, 4(58. 470 J, 1016 

in peat tar, 470 

in producer gas, 1030 

in spent oxide, 1135 

in vacuum tar, 1016 

ill water gas, 1030 

lecliaiiisiu of formation in carbonization, 
1036-7 

partial pressure over sulfuric acid, 1128 
idiysical properties, 1148 
pyrolysis, 1016 
recovery from coal tar, 1351 
recovery from gas, 1128-31 
recovery from light oil, 11.32, 1148, 1207, 
1221-2 

Pyridiiiecarboxylic acids from oxidation of coal, 
359, 478-9 

Pyridine sulfate, 1046-7 
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Pyrite, 23, 486, 487-9, 494-5; sec also Sulfur In 
coal, pyritic 
aruenic In, 439 

behavior in froth flotation, 590 

effect on clinker formation, 566-8 

influence on rate of oxidation of coal, 649-62 

rate of oxidation, 651 

recovery, 438-40 

removal by coal cleaning, 572-3, 586 
utilization, 439 

Pyrocatechol from hydrogenation of coal, 1780 
Pyrocatechuic acid from alkuli-fiiaion of coal, 
419 

Pyromellitic acid from oxidation of coal, 369, 
362-3, 366, 372, 374 
Pyroplsslte, montan wax from, 692 
Pyroretine, 742 
Pyrrhotlte in coke, 445 
Pyrrole, extraction of coal by, 735 
in high-temperature tar, 471-3, 1301 
in light oil, 1145, 1148 
physical properties, 1148 

Quartz, 23, 487-8, 506 
Quinaldine, sec 2-Mcthylquinoline 
Quinol in amraonlacal li<iuor, 1385 
Quinoline, extraction of coal by, 735, 738, 751, 
753 

from carbonization of coal, 1365 

from hydrogenation of coal, 479, 1779, 1783 

in coal gas, 1131 

in high-tempcraturc tar, 471 3, 1326-7, 1350, 
1352 

in low temperature tar, 470-1 
in peat tar, 470 
uses, 1353-4 

Rate of coking, dependence of yields of carboni 
zation products on, 834, 838-9, 843, 858, 
1022 

dependence on flue temperatures, 834-5 
dependence on oven width, 834-5 
effect of bulk density of coal on, 850, 852 
effect of moisture content of coal on, 850-2 
effect of preheating coal on. 839, 848-55 
in byproduct ovens, 781, 834—6 
in cylindrical retorts, 836 
in electrically heated ovens, 811 
in sole heated ovens, 807 
influence on coke cpiality of, 852, 858 
Rational analysis of coal, 752 
Reactivity, of coal, 752, 902-4 
of coke, Hie Coke, reactivity 
Reed fuel coll, 1572 

Refractories, slagging of, 554-61, 571, 1495, 1562 
Refractory screen carburettor, 1736 
Residuum, 97, 99 

Resin amines in ammonincal liquor, 1384 
Rcsiuite, 98 

Resinolc acids in ammonincal liquor, 1384 
ResinoIIc acids in ammonincal liquor, 1384 5 


xeiK 

Resins, sec Coal resins 

Resorcinol, from carbonization of coal, 1367 
in ammoniacal liquor, 1383, 1385 
Retene, from carbonization of coal, 1370 
from hydrogenation of coal, 382-3, 1780 
Keussinite, 742 
Rheulaveur, 675-7 
Kittinger’s law, 161 
Road tars, 1323-4 » 

Roberts-Morrisei coke oven, 794 
Robinson-Bindley process, 1801, 1804, 1834 
Rochester Gas and Electric Corporation’s test 
burner, 1273 

Rosin, extraction of coal by, 733 
Rosin-Hammler size-distribution function, 149, 
880, 1560 
Rosthornlte, 742 
Rustic producer, 1667 
Rutile, 23, 487-8 

Sabatier producer, 1667 
Sagam producer, 1667 
Salteake as flux for oual-nsh slag, 632 
Sampling, of coal, 878-9, 15t>0 
of coke, 878-9 
Sapropeliths, 7 8 
Sauvageot producer, 1666 
Sclmiewind coke oven, 784, 786 
Schungite, 72, 362 
Sell waller producer, 1666 

Schweitzer’s reagent, extraction of peat by, 684 
Scleretinite, 742 

Seaboard process, 984-6, 1112-3 
Selenium oxychloride, action on coal, 705 
Semet Solvay coke oven, 785, 787, 789, 794 
Scmet-Solvay ignition arch process, 1736 
Semet Solvay reverse-flow water-gas machine, 
1739-41 

Semi coke, sic also Disco 
for blast furnaces, 813 
for domestic fuel, 813 
for gas producers, 813, 873 
for reduction of zinc ore, 813 
reactivity, 873, 900, 916 
substitution for low volatile coal, 775, 814 
Semifusinlle, 99 

Semlspllnt coal, 30-1, 33-4, 36, 89 90 
ScricitP, 494 

Shale, rate of oxidation, 638, 640-3 
Shape factors of c(»al and coke, 882 
Shatter test, for coal, 148-9 
for coke, 883-6 

Sheffleld drum abrasion test, 887-8 
Sheffield swelling test, 194-7, 871, 908 
Siderlte, 488, 495 
Siemens producer, 1654 

Silica, addition to coal for carbonization, 1024 
in coal, 487 
Silica brick, 810-8 

physical properties, 817 
Silica gel, for ammonia recoverj, 1057 
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Silica gel, for catalytic oxidation of hydrogen 
sulfide, 995 

for dry purification of gas, 969 
for gas conditioning, 1251 
for light'Oil recovery, 1163-4 
for naphthalene removal from gas, 1241 
for refining motor benzol, 1221 
^imon*Carv48 coke oven, 783-4 
Simonellite, 695 ^ 

Skatole in peat tar, 470 
Slag, »ee Coal-ash slags 
Slagging producers, 1633, 1636-40, 1669 
Slag-tap furnace, 1528-9 

eifect of viscosity of slag on operation, 529-33 
temperatures in, 1546 

Smoke from combustion of coal, as a liniUatiou 
on fuel-burning capacity of furnaces, 
1497-8 

as an index for classification of coal, 76 
Sodium acid sulfate for neutralization of am¬ 
monia, 1054 

Sodium carbonate, addition to coal for carboni¬ 
zation, 1024 

Sodium hydroxide, addition to coal for carboni¬ 
zation, 1024 
aqueous, 419-24, 481 

extraction of coal by, 733 
extraction of peat by, 684 
Sodium peroxide method, 431 
Sodium silicate as fiux for coal-ash slag, 554 
Solvent extraction, of coal, 68-9, 458-9, 677- 
760; sec aUo Coal extracts and individual 
solvents 

by mixed solvents, 092, 094, 704-5, 708-9, 
731-3, 736, 761, 1701 
correlation with coking properties, 755-00 
depolymerization in, 709-10, 741, 1761, 1704 
effect of acid treatment on, 702 
effect of after-beating on, 728-30 
effect of hydrostatic i>resRure on, 702 
effect of moisture on, 701, 750 
effect of oxidation on, 671, 732 3, 754 
effect of particle size on, 711, 718-25 
effect of preheating on, 701-2, 727-30 
effect of rank of coal on, 090, 713, 715-7 
effect of solvent in, 721, 732-41, 747, 753, 
1701 

effect of temperature on, 708-9, 723, 72.5-0, 
731-2, 737-40, 745-7 

nature of products from, 077, 690-5, 703-4, 
706, 712, 715-8, 741-62, 1761 
raie, 709-10, 718, 723, 725-6, 729 
ultimate yield in, 723-4 
variables in, 678, 707 
of peat, 679-90 

by mixed solvents, 679-81, 088 
effect of moisture on, 683 
nature of products from, 679-89 
Solvent naphtha, heavy, see also Light oil 
commercial grades, 1151, 1153-4 
composition, 1141, 1145-6, 1153 


Solvent naphtha, heavy, in light oil, 940, 1136 
indene in, 941, 1141 
uses, 1153-4 
light, see also Light oil 

composition, 1141, 1145, 1161, 1153 
in light oil, 940, 1130, 1145 
properties, 1158 
styrene in, 941, 1141 
Sophia-Jacoba process, 678 
Sp<‘cific volatile index, 66 

Spent oxide, see Iron oxide for purification of 
gas 

Splint coal, 29-31, 33-6, 88-90, 119, 333 
Split volatile ratio, 53 
Sponge coke, 255-6 

SpontaneouH combustion of coal, see also Storage 
of coal 

correlation with solubility in pyridine, 752 
dependence on friability of coal, 150, 674 
dependence on storage conditions, 629-36 
economic loss due to, 627-8 
effect of dustproofing on, 599 
effect of mixing coals on, 632, 635 
effect of moisture on, 618, 629, 632, 635, 
674- 5 

t'ffcet of pyrites on, 437-8, 650-2, 674 
evaluation of tendency for, 656-62, 674 
relation to adsorptive capacity for halogens, 
338-9, 348 

Spores, see Coal, spores in 
Springing far acids, 1344-5 
Staatsmijnen-Otto process, 973 
Staurolite, 23, 488 

Steam-carbon reaction, kinetics of. 1587, 1594 7, 
1690-704 

Steam-decomposition meters, 1707 8 
Steaming in coke ovens, 805, 807, 925, 1027-31 
Steere formula, 902-3 
Sterols from extraction of coal, 694, 714 
Stevens carbonization process, 320, 774, 811-2 
Still process, 1157 
St(»kers, see also rombiistion of coal 
chain-grate, 1485-8, 1494 
domestic, 1492-3 
for coke, 872 
locomotive, 1494 

multiple retort underfeed, 1488-92 
over food, 1494 

Boleclion of coal for, 1494-501 
single-retort underfeed, 1492-4 
spreader, 1494-5 
traveling grate, 1485-8, 1494 
underfeed, 1488-94 

Storage of coal, 626-76; see also Oxidation of 
coal; Oxidized coal; Spontaneous combus¬ 
tion of coal 
changes during, 628-9 
extent of practice, 627 
for carbonization, 673 4 
importance of ventilation in, 632-6 
in large pih*8, 629-36, 656-7 
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Storage of coal, procedures recommended for, 
OaO-6, 674-6 
size degradation in, 672-3 
slacking or weathering, 60-1, 616-7, 672-3 
under water, 630, 634, 673 
StOter-Tillman channel, 1157 
Stream pollution by ammoniacal liquor, 1371-3 
BtreifenJcohlc, see Coal, dull 
Stump air-flow process, 582 
Styrene, effect on benzol-reflning, 1144, 1204 
from carbonization of coal, 1361 
from hydrogenation of coal, 1783 
in coal gas, 931, 941-2, 1241 
in light oil, 941, 1141, 1146, 1147 
physical properties, 1147 
polymerization, 942 
removal from gas, 1241-2 
Suberinite, 98 

Succinic acid from oxidation of coal, 300, 362, 
372, 714 

Sulfided lime for removal of carbon disulfide 
from gas, 959, 1003 

Sulflte-bisulflte process, 993, 996, 1063-4, 1070-1 
Sulfocyanide, see Thiocyanates 
Sulfonation of coal, 359 
Sulfur, from carbonization of coal, 1370 
from extraction of peat, 686 
from partial combustion of hydrogen sulfide, 
999 

in coal, 426-49 

behavior in carbonization, 448 8, 948-9 

combustible, 436-6 

determination, 430-6 

effect on clinker formation, 666 8 

effect on coking properties, 427 

loss on storage, 630 1 

occurrence, 425-8, 436 7 

organic, 425 

determination, 435 
distribution, 426 
nature, 426—7 
origin, 428 

retention in coke, 446-7 
pyritic, 426 

determination, 434-5 
distribution, 427 

effect on rate of oxidation of coal, 648 9 
effect on spontaneous combustion of coal, 
437-8 

origin, 427-30 
retention in coke, 445-8 
thermal decomposition, 445-0 
removal by coal cleaning, 572-3, 686 
retention in coke, 444- 8, 948 9 
sulfate, 425, 428 
determination, 434 
origin, 430 

thermal decomposition, 446 
utilization of, 438-44 

in coke, dependence on carbonization tempera- 


oi 

Sulfur, in coke, determination, 430-6 
effect of additions to coal on, 449 
effect on blast-furnace operation, 448-9, 
687-8 

from oxidized coal, 667 
organic, 425 
origin, 444-8 

removal by hydrogen, 447-9 
removal by reaction with gas, 448-9 
solid solution of, 447 
sulfide, 425, 436 
in light oil, 1149 
Sulfur bacteria, 429 

Sulfur bolls in coal, 429 ; see also Coal balls 
Sulfur compounds in coal gas; sec also individ¬ 
ual vumpounds 

objectionable nature, 947-8, 954-8 
permissible concentralions, 964-6 
removal, 947-1007 
sources, 948-61 

Sulfur dioxide, action on coal, 593, 705 
extraction of coal by, 692, 705 
for ammonium sulfate producflon, 993-7 
for conversion of thiosulfate to tetrathionate, 
993 

from carbonization of coal, 1368 
oxidation of hydrogen sulfide by, 997-8 
pollution of air by, 426, 947 
removal from stack gases, 443-4, 1372 
Sulfur producers, 1650-1 

Sulfur recovery, from gas, sec also Dry purifica¬ 
tion of gas; L](|uid purificnti<»n of gas; 
Sulfur compounds in coal gas 
from carbonization, 440-3, 958, 971-81, 

992-6 

from flue gas, 443-1, 1372 
from Binelters, 444 
• from spent oxide, 968-9, 1093 

in liquid purification of gas, 971-81, 992-5. 
1062-4, 1067-9 

Sulfuric acid, action on coal, 359 
for gas conditioning, 1251 
removal of ethylene from gas by, 1242-3 
treatment of light oil with, 1198, 1206-9, 1217, 
1220-1 

Superphosphate, aninioniatlon of, 1072-4 
Surface determination, air permeability method, 
152, 882 

by screen analysis, 154, 645-6, 880 
in grindubllity tests, 152 
I^en-Nurse method, 152, 883 
Svedlund producer, 1()67 

Swelling of coal, see Coal, swelling properties 
Swelling pressure, see Expansion and expansion 
pressure of coal 

Syntliesls gas, see also Hydrocarbon synthesis; 
Methanol synthesis 
composition, 1804, 1806, 1810 
cost of production, 1839-40 
from coke-oven gas, 1811, 1853 
from natural gas, 1812-4, 1852-3 


ture, 445 j 
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Hyn thesis gas, from solid fuels, 872-^3, 1646-7, 
1659, 1802, 1804, 1806-14, 1862-3 
purification, 1003-6, 1720, 1799, 1815-8, 

1853-4 

Synthetic Oils process, 1834 
Synthol, 1797, 1824 
S.Y.R.C. flotation process, 589 

Tables for cleaning coal, 582 
Tar, absolute viscosity of, 1308-9 

benzene-insoluble matter in, 1309, 1311 
carbon I content of, 1309-12 
carbon II content of, 1309-12 
chemicals from, 1325-70; are also individual 
compounds 

commercial products from, 1823-6 
determination of naphthalene in, 1312 
determination of tar acids in, 1312 
distillation, 1320-3 
distillation analysis, 1309, 1311-2 
distribution sttitlstics in United States, 1315 
effect of carbonizing equipment on nature of, 
1802-8 

effect of coal moisture on yield of, 857 
effect of nature of coal on properties, 1291-3, 
1295 

effect of nature of coal on yield of, 1287-91, 
1295 

effect of oxidation of coal on composition, 801 
effect of oxidation of coal on yield of, 860-2 
effect of rate of heating on yield of, 830, 
843-7, 858 

effect of steaming on yield of, 1027 
effect of temperature on composition, 1290- 
302 

effect of temperature on yield of, 840-1, 843-7, 
1294-0 

fouling of oxide boxes by, 900 
fractional condensation, 1316-21 
from byproduct coke ovens, 1305-6, 1309, 1313 
from Curran-Knowles process, 1304, 1309, 1313 
from horizontal retorts, 1300-7, 1309, 1313 
from vertical retorts, 1304-5, 1309, 1313 
from Wisner process, 1303-4, 1309, 1312-3 
hydrogenation of, see Hydrogenation of tar 
interference in ammonia recovery, 1032-0 
nitrogen in, 474, 1018-20 
pent, see Pent 

production statistics in United States, 1313-5 
pyridine In, 471-3, 1021, 1120-7 
recovery at coke plants, 1314, 1310-20 
removal from gas, 920 

softening points of distillation residues, 1309, 
1312 

specific gravity, 1303, 1306-9, 1311 
sulfonation factor, 1309, 1312 
temperature susceptibility factor, 1308-10 
thermal decomposition, 839, 1290-802 
typical analyses, 1309, 1326-7 
vacuum, see Vacuum tar 


Tar acids, see also Phenols and individual com¬ 
pounds 

effect of nature of coal on yield of, 1292 
effect of temperature on yield of, 1295, 1297- 
801 

from hydrogenation of coal, 1779-83 
from hydrogenation of tar, 1789-91 
hydrogenation, 1786 
percentage of, in tar, 1323-4 
recovery from tar, 1344-5 
refining, 1345 
springing, 1344-5 
typical yields, 1309 
uses, 1347-9 

Tar bases, see also individual compounds 

effect of temperature on yield of, 1295, 1297- 
301 

fractionation, 1352-3 

from high-temperature carbonization, 471-7, 
1131 

from hydrogenation of coal, 1779 80, 1782 
from hydrogenation of tor, 1789. 1791 
from low-temperature carbonization, 467-71 
in ammoniacal liquor, 1379-80, 1382-6, 1446 
in coal tar, 401, 1326-7, 1350-4 
in dephenolization of ammoniacal liquor with 
benzene, 1448-9 
uses, 1353 

Tartaric acid from oxidation of coal, 360 
Tela in, 94-5 

Terephlhalic acid from oxidation of coal, 369, 
372, 374 

Terpenes from extract «on of coal, 093-4, 714 
Terzian factor, 1736-7 

Tetracosane from carbonization of coal, 1308 
Tetracosanol from extraction of coal, 698 
1,2,3,4-Tetrah.\drofluornnthene from carboniza 
tion of coal, 1309 

Tetrahydronaplithalene, H(e also Tetralin 
as a hydrogenation catal.vst. 1772 
equilibrium with naphthalene, 1777 
from carbonization of coal, 1304 
from hydrogenation of coal, 1780, 1784 
from hydrogenation of tar. 1790 
in light oil, 1147 
physical properties, 1147 

Tetralin, see also Pott Broche process; Tetra- 
hydronaphthalene 

as wash oil for light-oil rec(>very, 1182-3 
extraction of coal by, 704-7, 709, 725-6, 729- 
31, 734 5. 738. 744, 740-7, 751, 755-7 
thermal stability of, 730 

2,3,6,7-Tetrame thy Ian thracene from carbonization 
of coal, 1309 

Tetramethylbenzenes in heavy solvent naphtha, 
1153 

Tetramethylbiphenol from carbonization of coal, 
1368 

Tetramethylpyridine, from hydrogenation of coal, 
1783 

in high-temperature tar, 473 
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Cetramethylpyridine, in low-temperature tar, 
470 

in peat tar, 470 

L,2,3,4-Tetrametbylpyridine in high-temperature 
tar, 473 

2,3,4,5-Tetrametbylpyridine from carbonization of 
coal, 1305 

2,3,4,8-Tetramethylquinoline, 463 
Tetramethylthiophene from carbonization of coal, 
1363 

Thermal decomposition of coal, see also Carboni¬ 
zation of coal; Solvent extraction of coal; 
Vacuum distillation of coal 
mechanism, 767, 771, 834 
Thermodizlng coal, 862 
Thioarsenate for purification of gas, 974-6 
Thiocyanates, see also Ammonium thiocyanate; 
Cyanogen 

determination in ammoniacal liquor, 1471 
formation in dry purification of gas, 1092 
recovery from ammoniacal liquor, 1094-5, 
1462-3 

recovery from spent oxide, 1094 
removal of cyanogen from gas as, 1109-17 
Thio ethers, see Dimethyl sulfide, etc. 

Thiols, see Mercaptans 

Thionaphthone, from carbonization of coal, 1865 
in light oil, 1149 
physical properties, 1149 
Thlonate process, 992-3, 1062-3, 1009-71, 1113 
Thionizers, 975-6 

Thiophene, catalytic removal from hydrogen, 
1816-7 

extraction of coal by, 738 

from carbonization of coal, 1360 

in coal gas, 982, 945-7, 949-50 

in light oil, 946, 1141, 1143-4, 1149, 1156 

in wash oil, 1004 

physical properties, 1002, 1149 

removal from light oil, 1228 31 

tests for, 954 

toxicity, 1418 

Thiophenol from carbonization of coal, 1362 
Thiosulfate, see also Ammonium thiosulfate 
conversion to sulfate, 1067-9 
formation in liquid purification of gas, 973, 
975, 984, 992-4, 1062-3, 1067 
Thylox process, 443, 973-81, 1114 
chemistry of, 974-5 
cyanogen removal in, 1114 
operation of, 975-6 
recovery of ammonia in, 975 
sulfur recovery in, 976-81 
thionizers for, 975-6 
Thymol, extraction of coal by, 735, 738 
Thyssen-Galoczy producer, 1633, 1669 
Thyssen-Lenze towers, 901, 966-8 
Toluene, see also Toluol 

effect of temperature on yield of, 1295 
extraction of coal by, 721, 737-8 
extraction of peat by, 682 


Toluene, from carbonization of coal, 1300 

from hydrogenation of coal, 1769, 1779-80, 
1783-4 

from hydrogenation of tar, 1790 
in coal gas, 931, 940 
in coal tar, 1325-7 

in light oil, 940, 1136, 1141, 1144, 1146, 
1325-6 

physical properties, 1146 
recovery from gas, 926 
synthesis, 1798 
toxicity, 1418 

Toluidlne, from extraction of coal, 743 

from hydrogenation of coal, 479, 1779, 1783 
In high-temporature tar, 472-3 
ill low-temperature tar, 470 
In vacuum 6ir, 764 

m- and p-Tohildlne, extraction of coal by, 736 
from carbonization of coal, 1364 
o-Toluldlne, extraction of coal by, 786 
from carbonization of coal, 1364 
In light oil, 1148 
physical properties, 1148 
Toluol, see also Light oil; Toluene 
commercial grades, 1161-3 
composition, illl 

production statistics in Uni+ed States, 1187-9 
removal of paraffins from, 1212 
uses, 1152-3 

Tolylmercaptan from carbonization of coal, 1863 
Topaz, 23, 488 
Tourhe, 41 
Tourmaline, 23, 488 
Translucent attrltiis, 29-30, 83, 88 
hydrogenation of, 387-91, 1758 
Trefois producer, 1666 
Trent process, 583 

Triacoiitane from extraction of coal, 694 
2,4,6 Tribromoaniline from action of hypobromitc 
on coal, 364 

2,4,C-Trlbromophenol from action of hypobromitc 
on coal, 304 

Trichloroethylene, extraction of coal by, 71 Ci, 
718-21 

Tricosane from carbonization of c»)al, 1368 
Tricresylphosphate for dephenolizatlon of am¬ 
moniacal liquor, 1449-51 
Triethylamine, from carbonization of coal, 1360 
in ammoniacal liquor, 471, 1385 
Trlmellitic acid from oxidation of coal, 362, 372, 
374 

Trimcslc acid from oxidation of coal, 363, 306 
2,3,6-Trimethylanthracene from carbonization of 
coal, 1309 

Triniethylbenzenes, sec also individual com¬ 
pounds 

in heavy solvent naphtha, 1153 
in light oil, 1146 

1.2.4- Trimethylcyclohexane from carbonization of 

coal, 1361 

2.3.4- Trlmethyl-8-ethylquinolinc, 464 


Volttine I| pages 1-920; Volume II, pages 921-1868. 



civ 


SUBJECT INDEX 


Trlmethylnaphtbalene In coal tar, 1386 
1,8,7*1 2,8,6*, and 2,8,6*Trlniatliylnaphthalene 

from carbonisation of coal, 1867 

3,4,5-Trimetliylphenol from carbonisation of coal, 
1366 

2.8.4- Trimethyl*8-n-propylqulnoline, 465 
Trimethylpyridine, from hydrogenation of coal, 

1783 

in high-temperature tar, 478, 1851 

2.8.4- and 2,S,6-Trimethylpyridine, from carboni¬ 
sation of coal, 1362 

in low-temperature tar, 470 
physical properties, 1148 

2.3.5- Trimethylpyridlne, from carbonization of 

coal, 1863 

in low-temperature tar, 470 
in peat tar, 470 
physical properties, 1148 

2.4.6- Trimethylpyrldine, from carbonization of 

coal, 1862 

in high-temperature tar, 478 
in light oil, 1148 
physical properties, 1148 

2,4,6-Trimethylpyrldine, from carbonization of 
coal, 1862 

from hydrogenation of coal, 479 
in high-temperature tar, 47,8 
in light oil, 1148 
in low-temperature tar, 470-1 
physical properties, 1148 

2.3.4- Trimethylqulnoline, 406 

2.3.8- Trimethylquinoline, 463, 4CG 
2,4,0-Trlmethylquinollne from carbonization of 

coal, 1368 

2.4.8- Trlmethylquinoline, 463 
Trimethylthiophene from carbonization of coal, 

1362 

2.3.4- Trlmethyltlilophpne, in light oil, 1149 
physical properties, 1149 

Trlnitroresorcinol from oxidation of coal, 361 
Trlphenylene from carbonization of coal, 1370 
Tripotassium phosphate for purification of gas, 
991 

Trltrlacontane from extraction of peat, 688 
Tromp process, 680-1 
Truxene from carbonization of coal, 1309 
Tumbler test, for coal, 148-9 
for coke, 883, 886-9 
Types of coal, tee Coal types 

Ufer process, 1208-9 

U.G.I. blue-gas generator, 1675, 1677, 1687, 1091, 
1714 

U.G.I. cone-top carbiiretted-blue-gas apparatus, 
1723 

U.G.I. heavy-oil processes, 1784-6 
U.G.I. intermittent vertical chamber oven, 803, 
805-7 

U.G.I. mechanical grate, 1692-3 
U.G.I. producer, 1666 
Ulmain, 95 


Ulmic acids, tee Humic acids 
Ulmln, 348 

n-Undecane from carbonization of coal, 1864 
Undecene from carbonization of coal, 1368 
Underclay, 2-8, 9, 494-41 
Underfeed burning, 901-2 
Underground gasification, 1651-8 
Cnderjet coke oven, 796, 808-4 
Unit Btu, 142-8 
Unit coal, 65, 03-5 

Vacuum carbonate process, 985, 987-8 
Vacuum distillation of coal, 469-67, 761-73 
effect of heating rate in, 769 
effect of particle size in, 771, 778 
gaseous products from, 761-2, 764-<6, 770 
liquid products from, tee Vacuum tar 
Vacuum tar, bases in, 459-60, 763-4, 1016-8 
nature, 762-4, 771-3 
pyrolysis, 1016-7 

Valeric acid, from extraction of coal, 704 
in ammoniacal liquor, 1886 
n-Valeric acid, from carbonization of coal, 1303 
in ammoniacal liquor, 1384 
Valylene from carbonization of coal, 1359 
Vapor-phase gum, 934, 930, 941, 1249 
Vltrain, 6-7, 10, 13-4, 22-8, 29, 88, 93-6, 109, 
113-4, 116, 118, 123 
ash composition, 490, 493 
diffraction of X-rnys by, .334-5 
electrical conductivity, 320 
friability, 160-1 
halogen adsorption by, 342 
hardness, 145 
hydrogenation, 387 
index of reflection, 326 
index of refraction, 328-30 
mineral matter in, 489-90, 493 
nitrogen in, 451 
rote of oxidation, 350, 652-3 
solvent extraction, 721, 727, 754-5 
Vitrifiisain, 7 
Vitrinite, 96, 102 
Vxtrit, tee Vitrain 
Volatile displacement, 85, 52 

Wash oil, tee alto Light oil, recovery from gas 
absorption of sulfur compounds by, 1003-4 
cooling, 1194-6 
debenzolization, 1189-97 
for naphthalene removal from gas, 1239-40 
in light oil, 940, 1141 
properties desired in, 1173-6, 1178-9 
regeneration of spent, 1177-8, 1181 
specifications of petroleum oil for, 1175-6 
thiophene in, 1004 
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Water, tee alto Moisture In coal 
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from carbonization of coal, 1360 
in coal gas, 931, *935-6 
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tar from, 1808-4, 1809, 1812-4 
Wobbe index, 1272 

Wolf pressure abrasion test. 890, 902 
Wood, hydrogenation, 896 
nitrogen in, 451, 1009 
solvent extraction. 679 
Wood gas producer, 654, 1665 
Wuensch cone process, 580 
Wuerth slagging producer, 1660 
Wurth producer, 1688 

Xanthogenic acid, extraction of peat by, 084 
Xanthophyll from extraction of peat, 685 
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